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Frontispiece The River Loddon sampling site. 
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ABSTRACT 
A study of the relationship between submerged-rooted aquatic macrophytes and the 
chemical and physical characteristics of sediments in lowland British rivers is described. 
The focus of the research is the spatial variability of nutrient concentrations in river 
sediments and the preferences of particular macrophyte species for different sediment 
types. This information is required to further develop the use of macrophytes in the 
biological assessment of rivers. Sediment samples were collected from beneath 
macrophyte stands and unvegetated areas of the riverbed in 17 rivers. The sediment 
samples were analysed for total and inorganic phosphorus, total nitrogen, organic carbon, 
organic matter and silt-clay content. Data on water chemistry, flow regimes, channel 
geometry and macrophyte habitat were also collected. 
Sediments were found to exhibit a high degree of variability both within 100m sites and 
between the different rivers, particularly with respect to phosphorus concentrations. There 
were relationships between sediment concentrations of total and inorganic phosphorus 
and between concentrations of total nitrogen, organic carbon and organic matter. No clear 
relationships between mean values for sediment parameters and either water column 
nutrient concentrations or flow regime were apparent. The significance of the sediment 
variables as a control on macrophyte community structure was investigated through the 
use of canonical ordination and discriminant analysis. Macrophyte species showed broad 
tolerances to all sediment variables and it was not possible to separate the influence of 
sediment nutrients from other sediment parameters or differences between rivers. 
Comparisons of water, sediment and plant tissue nutrient concentrations at sites 
upstream and downstream of waste water treatment work outfalls on two rivers indicated 
that the discharges affected both the water and sediment concentrations but not plant 
tissue levels. The research suggests that the relationships between macrophytes and 
sediments in lowland rivers are complex and confounded by the effect of the plants 
themselves upon flow and sediment dynamics. 
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Chapter One 
INTRODUCTION 
MACROPHYTES AS BIOMONITORS OF FRESHWATER 
QUALITY 
1.0 Introduction 
The term macrophyte has been adopted in freshwater science to describe the 
macroscopic vegetation of inland standing and running freshwaters. A useful definition is 
- 'vall larger freshwater plants, including flowering plants (anglospoiTns) with fems, horsetails 
(pteridophytes), mosses and liverworts (bryophytes) and larger algae" (Department of the 
Environment, 1987). Therefore, the term encompasses a range of taxonomic groups and 
structural forms. This thesis deals principally with the larger rooted vascular plants and 
the term macrophyte is used to describe these organisms. 
The abundance of macrophytes in freshwater systems is restricted by a variety of 
physical and chemical factors, with the result that some systems are unsuitable for the 
establishment of significant macrophyte communities being, for example, too deep, too 
shaded, too disturbed or too polluted. However, where macrophytes occur with moderate 
or significant abundance they have an important role in the functioning of freshwater 
ecosystems. The shallow, low energy temperate streams of lowland Europe are 
characterised by low flow velocities and fine nutrient-rich sediments resulting in abundant 
macrophyte growth (cf. Sand-Jensen, 1997; Demars and Harper, 1998). Macrophytes in 
these systems have a number of important functions, providing structural complexity and 
habitat heterogeneity, substrate and cover for other organisms and providing energy to 
the system through primary production. They also play a key role in influencing and 
controlling flow and sediment dynamics and nutrient cycling. In recognition of this role in 
sediment and flow processes in lowland streams, macrophytes have been described as 
biological engineers (Sand-Jensen, 1997). 
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Despite the functional importance of macrophytes to many lowland streams, macrophyte 
ecology is a relatively neglected science. Much of the literature in plant ecology has dealt 
almost exclusively with terrestrial communities (cf. Grime, 1979) and freshwater science 
has focused on fish, macroinvertebrates and abiotic components such as water chemistry 
with only limited attention to the role of macrophytes (cf. Allan, 1995). A full 
understanding of stream ecosystem function and well-informed river management can be 
achieved only with a detailed knowledge of the role and function of all components of the 
system. Therefore, a greater emphasis on macrophyte ecology is desirable. The research 
described herein considers the relationships between rooted macrophytes and sediments 
of lowland English streams. There is both a pure and applied rationale to the research, 
First, there is a dearth of knowledge on the characteristics of sediments supporting 
submerged aquatic macrophytes and secondly, there is a need for further information to 
support the development of schemes using macrophytes for the biological assessment of 
eutrophication. 
1.1 Thesis Structure 
Figure 1.1 displays the research framework and plan for this thesis, Chapter One deals 
with the concept of using macrophytes for the biological assessment of water pollution 
and the advances that have been made to this end. Chapter Two considers the 
processes governing the distribution, abundance and community structure of 
macrophytes and the role of sediments and macrophytes in stream nutrient dynamics. 
Chapter Two concludes with a statement of the aims and approaches of the research. 
The sampling design, methodology and analytical techniques employed in the research 
are described in Chapter Three. Chapter Four presents the findings of the field sampling 
with respect to the spatial variability of river sediments. Chapter Five focuses on the 
relationships between sediment characteristics and macrophytes whilst Chapter Six 
describes the extension of the main approach to consider longitudinal changes within two 
streams. Chapter Seven presents a discussion of the results within a wider context and a 
summary of major findings. The final chapter summarises the major conclusions of the 
research and proffers suggestions for further research in the field. Implications for the use 
of macrophytes in biological assessment are discussed. 
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Chapter One 
Background to research project and review 
of biological assessment using macrophytes. 
Chapter Two 
Review of literature on the role of sediments in running-water 
nutrient cycles and in structuring macrophyte communities. 
Statement of research aims and objectives. 
Chapter Three 
Details of research design, sites sampled and methodology 
employed in sediment, water and plant tissue analysis. Brief 
discussion of background water chemistry and river flow at 
sampled sites. 
Chapter Four 
Presentation and discussion of results with respect to the characteristics and 
variability of sediments in the 17 sites sampled as part of this research. 
Relationships between sediment characteristics and the influence of water 
chemistry and river flow on sediment character. 
Chapter Five 
The characteristics of sediments and the different 
macrophyte species supported on them, 
Chapter Six 
Comparison of sediment, water and plant tissue concentrations 
of nutrients at sites upstream and downstream of waste-water 
treatment works on two rivers. 
Chapter Seven 
Fuqher discussion and summary of research findings. 
Chapter Eight 
Research conclusions and directions for further work. 
Figure 1.1 Flowchart showing the structure of the thesis 
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1.2 The Biological Assessment of Water Pollution 
The concept of using living organisms to identify, monitor and assess pollution is well 
established and many bodies responsible for the monitoring of water quality regularly 
employ methods utilising invertebrates, algae and plants. Biological assessment has a 
number of distinct advantages over conventional abiotic chemical monitoring. It gives a 
better indication of the bioavailability of pollutants and their likely ecological effect; 
bioavailable is defined by Bostr6m et al, (1 988b) as "the sum of immediately available 
phosphorus and that which can be transformed into an available form by naturally occurring 
physical, chemical and biological processes". Furthermore, biological assessment is less 
dependent upon the time and place of sampling. Organisms respond to continuous 
pollution and also to pulses of pollution and may be considered to present a time, and to 
a lesser extent, space integrated record of the water quality at a particular site (Hellawell, 
1986; Wright, 1995). Additionally, the assessment of pollution through the use of biota 
may monitor a wider range and lower concentrations (through bioaccumulation) of 
substances than can feasibly be measured in water and/or sediment samples (Whitton 
and Kelly, 1995). Conversely, biological methods may respond only to substances that 
produce a detectable effect on the test organism(s). In this way, the use of invertebrates 
would not necessarily detect, for example, the presence of phytotoxicological substances 
or plant macronutrients. Biological monitoring is therefore most usefully employed when a 
range of organisms are monitored, each for specific purposes, and in combination with 
traditional abiotic chemical assessment of water/sediment (Nixon et aL, 1996). Biological 
assessment may be particularly applicable to running waters as pollution loads may be 
episodic (especially from diffuse sources) and rapidly dispersed and may be undetected 
through the chemical analysis of regularly collected water/sediment samples. Examples 
of the use of biological assessment in water quality monitoring include the use of 
invertebrates (Wright, 1995); diatoms in both present day monitoring (Kelly et aL, 1995) 
and the reconstruction of past water quality (Bennion, 1994; Bennion et aL, 1995; 
Bennion et aL, 1996); algae (Whitton et aL, 1981; Whitton, 1984; Whitton and Kelly, 
1995); and macrophytes (Harding, 1981) (Holmes and Newbold, 1984, see below). 
Biota may be used in a number of ways to assess pollution in freshwaters. These include 
prediction (toxicity tests), assessment (bioassays), recognition (bloindication), and 
monitoring (biomonitoring) of pollution effects (Lovett Doust et al,, 1994). Toxicity tests 
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and bioassays are concerned with the response of an organism to either a substance or 
contaminated waterlsediment, respectively, and are usually performed under laboratory 
conditions. Both approaches commonly use only one test organism, usually selected for 
the ease with which it may be cultured in the laboratory. Thus, toxicity tests and 
bioassays; are useful for relating uptake of pollutants to organism response but have 
limited potential for assessing the impact of substances in ecosystems where pollutants 
may have a synergistic effect and organism response will also be influenced by other 
physical, chemical and biotic factors. 
The response of organisms to pollutants in a field situation may be assessed through 
bioindication and biomonitoring. Both approaches are based on the fact that species are 
neither ubiquitous nor uniformly distributed in the environment (Hellawell, 1986) but rather 
are found living within a range of tolerances to various environmental factors. Species 
tolerances dictate the range of conditions within which the species is able to persist and 
within this range there will be a continuum of organism responses related to 
environmental gradients. For example, a species may be able to persist in a particular 
environment but may exhibit sub-optimal growth due to unfavourable conditions and the 
physiological stress that these may cause. Knowledge of the tolerances of species to 
particular environmental conditions enables one to identify a particular range of those 
conditions in environments where the species is present. 
Bibindication involves comparing species composition and/or other indices of diversity at 
different sites to assess the pollution loadings present (Lovett Doust et al., 1994). Central 
to the approach is the concept that species presence and abundance will change in the 
presence of pollution, consequently it is important that comparison sites can be expected 
to host similar communities or populations in the absence of pollution. Bioindication may 
consider the presence/absence of pollution sensitive taxa, the abundance of pollution 
tolerant species, evolved resistance in tolerant species or changes at the community level 
(Lovett Doust et al., 1994). The latter approach is most useful as more than one species 
is considered and so a better estimation of the effect of the pollution on the ecosystem 
may be made. However, a disadvantage of using bioindicators at the community level is 
that a long period of time may elapse before community structure is affected and the 
impact may be irreversible (Lovett Doust et al., 1994). There are three classes of indices 
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that may be derived from species community data - pollution indices, diversity indices 
and comparative indices (Hellawell, 1986). Bioindication is qualitative, assessing the 
impact of pollutants on species diversity and community structure. It is useful in detecting 
the effects of pollution but does not identify the pollutants or the magnitude and nature of 
the pollution load. 
Recently, the use of organisms as biomonitors has received attention as a further 
development of the bioindicator concept. Biomonitoring involves relating observed 
responses of in situ organisms to concentrations of contaminants accumulated in tissue. 
Organisms may either be endemic (passive biomonitoring) or introduced for the purposes 
of monitoring (active biomonitoring) (Lovett Doust et a/,, 1994). Thus, the polluting 
substances may be identified and quantified and the question of bioavailability is 
circumvented as only bioavailable chemical forms should accumulate in plant tissue. 
However, the concept of bioavailability requires further investigation as aquatic plants 
have been observed to accumulate lead by passive adsorption to cell walls, this lead was 
not necessarily bioavailable (Everard and Denny, 1985). Analysis of tissue from an 
organism that has been in place for a known period will provide an estimate of the 
pollution load likely to affect biota and through bioaccumulation may also detect 
pollutants present in the water column or sediment at levels below the limits of detection 
using abiotic chemical monitoring (Whitton et al., 1981). 
Biomonitoring evidently has a number of advantages over bioindication. However, unless 
several taxa are utilised, responses may be taxa specific (cf. toxicity testing and 
bioassays). In contrast, bioindication applied at the community level gives an indication of 
the impact of contaminants on a variety of species and on community structure and 
function as a whole. Thus, it seems likely that a combination of the two approaches may 
yield the most useful information. 
1.3 Using Macrophytes to Monitor Quality In Freshwater Systems 
Monitoring of water quality using biota has been undertaken in the United Kingdom since 
the late 1970s although, until very recently, the emphasis was on the monitoring of 
macroinvertebrates. In 1977, a project classifying river sites on the basis of their 
macroinvertebrate communities was initiated. These data and the designation of 
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biological indices for macroinvertebrate families - the BMWP (Biological Monitoring 
Working Party) scores led to the development of RIVPACS (River Invertebrate Prediction 
and Classification System) which is now widely used in the UK to monitor changes in 
water quality (Wright, 1995). Macrophytes have largely been neglected as pollution 
monitors (Department of the Environment, 1987) although it has long been recognised 
that they have considerable potential for the assessment of various environmental 
impacts (cf. Hellawell, 1986). 
There are advantages to using macrophytes as the basis for bioindication or 
biomonitoring schemes: macrophytes are stationary so absence is easily ascertained; 
they are by definition visible to the naked eye; there are relatively few species within any 
one region; many are rooted and thus reflect both water and sediment quality; they are 
relatively long-living and therefore can integrate seasonal or disturbance factors 
(Carblener et aL, 1990); monitoring is rapid and requires little/no subsequent laboratory 
identification; and tissue samples can be easily dried and stored for future reference 
(Whitton et aL, 1981). 
Additionally, macrophytes may encompass a broad taxonomic base (Kelly and Whitton, 
1998) increasing the likelihood of detecting a variety of pollution effects. Macrophytes 
may have their greatest potential as a tool complementary to macroinvertebrate methods 
as plants will respond differently to pollutants and being able to oxygenate the water will 
be less susceptible to the oxygen sag associated with organic rich effluents. The 
disadvantages of macrophytes as monitoring tools include marked seasonal variations in 
community composition and species abundance with many species dying back during 
winter; many freshwater systems have sparse vegetation due to the influence of physical 
factors (limited light attenuation, high water velocity, drought); conversely, in systems 
where macrophyte growth is prolific, cutting may be employed as a management 
practice; and finally, the ecology of many macrophyte species and the response to both 
water and sediment-associated pollutants is not well documented (Department of the 
Environment, 1987). 
There are a number of examples of the application of macrophytes as bioindicators for 
various pollution sources. A series of macrophyte surveys on heavily polluted rivers in the 
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north-west of England (Harding, 1979; Harding, 1980a; Harding, 1980b; Harding, 1981) 
noted changes in vegetation communities downstream of certain industrial effluent point 
sources and indicated that macrophytes were responding "to spatial and temporal changes 
in river quality in a sensitive and clearly defined manner' (Harding, 1981). Similarly, 
macrophyte community data were combined with water and sediment chemistry data to 
investigate the effect of industrial effluents discharging into the Nile, Egypt (Ali and 
Soltan, 1996). Algae, bryophytes and vascular plants have also been utilised for the 
monitoring of heavy metals in rivers polluted with mine discharges (Whitton et aL, 1981; 
Whitton, 1984; Kelly and Whitton, 1987). Future applications of macrophyte bioindicators 
are, however, likely to be in the monitoring and assessment of the trophic status of 
streams and rivers. In this application, macrophytes would seem to be the obvious 
organism for biological assessment as they can respond directly and indirectly to 
increases in plant nutrient concentrations and they are intimately involved in stream 
nutrient dynamics. 
1.4 The Use of Macrophytes for the Assessment of Eutrophication 
There is currently considerable interest in utilising bioindication and biomonitoring 
techniques to identify, assess and inform management policy on the anthropogenic 
nutrient enrichment (eutrophication) of freshwater systems (e. g. Carbiener et at, 1995; 
GrasmOck et al., 1995; Holmes, 1995; Tremp and Kohler, 1995, Kelly and Whitton, 1998). 
Eutrophication may be defined as the biological effects of an increase in concentration of 
plant nutrients (usually N and P but sometimes others including Si, K, Ca, Fe, Mn) on 
aquatic systems. A useful definition is that adopted by the Organisation for Economic 
Cooperation and Development (OECD) - 
"the nutrient enrichment of waters which results in the stimulation of an array of symptomatic 
changes, among which increased production of algae and macrophytes, deterioration of water 
quality and other symptomatic changes, are found to be undesirable and interfere with water 
uses" 
(OECD, 1982 quoted in Rast and Thornton, 1996) 
1.4.1 Eutrophication 
Eutrophication is a natural process 
' 
through which lakes and rivers succeed to terrestrial 
communities (Harper, 1992). However, the huge extent of cultural or artificial 
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eutrophication (a result of anthropogenic nutrient and organic inputs) is a recent and 
continuing problem associated with the latter part of the 20th century. Population growth 
and the intensification of agriculture are the main causes of the increased inputs of 
nutrients into aquatic systems through sewage effluent and runoff from heavily fertilised 
or intensively grazed land. Recent estimates suggest that ten European Union Member 
States (including the UK), containing 90% of the EU population, currently produce 
375,000 tonnes of phosphorus per annum in domestic waste water (CEEP, 1999). 
Eutrophication is most commonly the result of an increase in the phosphorus and/or 
nitrogen loading to an aquatic system and most research has focused on these elements. 
This is due to phosphorus or nitrogen generally being the nutrient limiting primary 
productivity in ecosystems (Golterman, 1995). Both elements are present in low 
quantities in non-polluted systems and consequently any increase in concentration will 
have marked effects. Direct effects relate to primary producers (usually planktonic algae) 
being released from nutrient limitation and thus achieving a high biomass. This leads to 
indirect effects which include competitive exclusion of other primary producers (higher 
plants) through resource competition or shading, and changes in invertebrate and fish 
communities due to oxygen depletion as a result of the decomposition of the highly 
productive algae and the associated bacterial activity (Harper, 1992). The net result of 
these effects are potentially irreversible changes to the ecosystem, deterioration of water 
quality and loss of economic resource. 
As a result of the wide-reaching indirect effects, eutrophication must be considered as a 
process involving the whole aquatic system and attempts at control or remediation must 
consider top-down and bottom-up effects. For example, fish may enhance the process 
through both direct means (by preventing plants rooting, feeding on plants, and causing 
resuspension of sediment) and indirect means (by releasing nutrients from sediments, 
through excretion, and by feeding on zooplankton). Equally, physical conditions (e. g. 
highly turbulent flow or high concentrations of suspended particulate material) may 
prevent a primary production increase in response to increased nutrient levels 
(Golterman et al., 1983). These indirect effects dictate that it is impossible to determine 
a threshold or nutrient load at which eutrophication symptoms appear (Carvalho and 
Moss, 1995). A further complication arises because the relationship between nutrients 
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and the ecological response is non-linear, a small increase in nutrient load to an 
oligotrophic system will have a considerable impact and, conversely, in a eutrophic 
system it will require a major reduction in nutrient loading to produce a noticeable effect. 
Eutrophication may result in a change in the trophic status of a system and discussions of 
nutrient enrichment in freshwater systems frequently refer to trophic status. The concept 
of trophic status was developed to describe stages in the ontogeny of lake systems and 
is related to the productivity of the system (Wetzel, 1983). Systems range from 
oligotrophic (nutrient-poor) to eutrophic (nutrient-rich) and determination of the trophic 
status of a waterbody is frequently used to identify potential eutrophication. In the 
commonly applied OECD classification categories of trophic status are based on total 
phosphorus concentrations, chlorophyll a concentrations and secchl depth (a 
measurement of turbidity). It must be noted that these categories refer to standing water 
systems and cannot easily be applied to running waters. Table 1.1 displays the OECD 
boundary values for different trophic status categories. 
Table 1.1 Water quality boundaries for determining trophic status (based on OECD, 
1982 quoted In Crouzet et A, 1999) 
Trophic Total phosphorus Chlorophyll a Secchl depth 
category (Pg 1-1) (Pg 1-1) (M) 
Oligotrophic <10 <2.5 >6 
Mesotrophic 10-35 2.5-8.0 6.0-3.0 
Eutrophic 35-100 8.0-25.0 3.0-1.5 
Hypetophic >100 >25.0 <1.5 
1.4.2 Eutrophication in British Rivers 
The serious nature of the eutrophication problem in the UK was highlighted in the late 
1980s when low water levels and a calm and dry summer resulted in an outbreak of 
cyanobacterial populations (see National Rivers Authority, 1990). The level of public 
concern was raised when toxic products of some of these large floating cyanobacterial 
mats resulted in numerous deaths of domestic animals and, in a few cases, illness in 
humans. Eutrophication symptoms are evident across all types of aquatic system within 
the UK, but globally eutrophication of rivers is a more widespread problem than lake 
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eutrophication (Harper, 1992). Nitrogen and phosphorus concentrations have doubled as 
a result of human activity in rivers worldwide and in localised areas of Noah America and 
Western Europe rivers have seen increases in excess of fifty times (Meybeck, 1982 in 
Harper, 1992). However, lake eutrophication has received more attention as, in many UK 
rivers, phytoplankton are largely absent and other pollution has traditionally been viewed 
as of greater significance. A consequence of this is that control of primary nutrient inputs 
to rivers has not been widely implemented due to a lack of understanding of processes 
whereby physical factors (e. g. flow, shading), degrees of nutrient limitation, and the open 
nature of the system confound the relationship between nutrients and chlorophyll (Miltner 
and Rankin, 1998). 
A workshop in 1996 reviewed the level of current understanding of eutrophication within 
rivers in England and Wales and reported on ongoing research in the field (see Harper, 
1996). Focus has been upon the role of phosphorus within rivers, a result of the 
understanding that although both phosphorus and nitrogen are important in freshwaters, 
phosphorus is most likely to be limiting (Mainstone et aL, 1995). A report commissioned 
by English Nature, found that orthophosphate concentrations had significantly increased 
at 39% of river monitoring sites on 90 UK rivers between 1980 and 1990 (Garland, 1991). 
However, there has been a reduction in phosphate use since the beginning of the 1990s, 
probably as a result of changes to detergent formulation (average decrease of 54% in P 
content since 1980) (Harper, 1996). In brackish waters or where there has been little 
anthropogenic enrichment, it is possible that nitrogen rather than phosphorus may be 
limiting so it is significant that nitrate concentrations are still rising in European waters as 
a whole (although levelling off in western and northern Europe) (Harper, 1996). In spite of 
these reductions in nutrient loads many freshwater systems are suffering from 
eutrophication, a study of 102 freshwater Sites of Special Scientific Interest in England 
found that 84% exhibited the symptoms of eutrophication (Carvalho and Moss, 1995). 
1.4.3 Development of the Mean Trophic Rank 
At present, the most widely employed method utilising macrophytes in the trophic 
assessment of rivers is the Mean Trophic Rank (MTR) (Holmes, 1995). The Environment 
Agency of England and Wales has recently commissioned the development of the MTR 
scheme (Holmes et aL, 1999) as a bioindication tool to aid the implementation and 
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monitoring of the European Union Urban Waste Water Treatment Directive (UWWTD, 
91/271/EC). The UWWTD was adopted by the British government in May 1991 and 
concerns minimising the impact of waste water discharges to freshwaters, estuaries and 
coastal waters. Principally, the UWWTD sets requirements for the provision of waste 
water treatment and the level of treatment required for waste water discharges. Exact 
requirements are determined by the size of the population served and the nature of the 
receiving waters. Additionally, the Directive requires that "Sensitive Areas (Eutrophic)" 
(SA(E)) are identified and that waste water treatment discharges of greater than 10,000 
population equivalent (pe) (a qualifying discharge) to these waters receive further 
treatment to reduce the phosphorus levels and risk of further eutrophication (Dawson et 
al., 1999a). SA(E)s are defined as waters which are eutrophic or which may, without 
protection, become eutrophic in the near future. The designation of these SA(E)s is to be 
supported by evidence including biological data which relates the trophic status of the 
water (Dawson et aL, 1999b). 
These data requirements led to the Environment Agency funding the development of two 
biological assessment methods - the MTR (Holmes et aL, 1999) and the Trophic Diatom 
Index (TDI) (Kelly and Whitton, 1995). The TDI uses relative proportions of benthic 
diatom taxa to predict phosphorus concentrations (Kelly et aL, 1995). Full details of the 
development and assessment of the two schemes is given in Dawson et aL (1999a). It is 
proposed that once fully developed, the MTR will have applications beyond the UWWTD 
as a tool for catchment management, conservation and regulatory purposes. The 
research described in this thesis has in part originated from an Environment Agency 
initiative to further develop the MTR to include information on other factors responsible for 
the distribution of macrophytes in rivers - in this case the role of sediments. 
The MTR utilises community level bioindication with the derivation of what may be 
described generically as a comparative pollution index for a pair of 100m survey sites 
situated upstream and downstream of waste water treatment works discharges. The MTR 
system is based on a number of good indicator species (whose tolerance to nutrient 
enrichment is reasonably well established) being assigned a Species Trophic Rank (STR) 
relating to their relative tolerance or intolerance to eutrophication. STRs have been 
assigned to 128 macrophyte species (algae, liverworts, mosses, ferns and horsetails, 
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monocotyledons and dicotyledons) on the basis of knowledge of their autecology. 
Additionally, seventy seven of the species are highlighted species which are considered 
to be more reliable indicators of trophic status (Holmes et al., 1999). An STR value of I 
denotes a species able to withstand high levels of eutrophication or a species which is 
cosmopolitan in its requirements, for example Potamogeton pectinatus (Fennel 
Pondweed). Conversely, a species with an STR of 10, such as Juncus bulbosus 
(Bulbous Rush), will be characteristic of oligotrophic environments and will be intolerant to 
increased nutrient concentrations. The STRs are combined with percentage cover 
estimates (species cover value - SCV) for each of the scoring macrophyte species 
present in the 100m survey reach to calculate the MTR for a 100m site. The MTR for a 
1 00m site is calculated by the following equation: 
MTR =[ (E CVS /Z SCV) x 10] 
Where: 
SCV: Species Cover Value (estimated on a nine point scale) 
CVS: Cover Value Score (the product of the STR and SCV) 
STR: Species Trophic Rank (10 point scale) 
(from Holmes et aL, 1999) 
MTR scores range from 10 to 100 with the lowest scores indicating the most eutrophic 
sites. The theoretical maximum score of 100 is that which should be recorded in 
oligotrophic undisturbed ecosystems with low levels of nutrient input and the deviation 
from this score can be considered as a measurement of the impact of disturbance 
(through changing trophic status) upon an ecosystem (Dawson et aL, 1999b). Full details 
of the MTR methodology and its applications are given in Holmes (1999). 
The MTR tool is the result of a recognition during the 1980s of the potential of 
macrophytes for monitoring water quality in Bdtish freshwater ecosystems. In an early 
attempt, Newbold and Palmer (1979) ranked 150 macrophytes according to their nutrient 
status from oligotrophic to hypertrophic. This was further developed into the Trophic 
Index which assigned a trophic rank and range for species (Holmes and Newbold, 1984). 
Modifications were subsequently made to improve the applicability to flowing water 
vegetation and the benefits of considering plants as a community were recognised 
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(Newbold and Holmes, 1987). The "Blue Book" (Department of the Environment, 1987) 
further reviewed the potential of macrophytes for assessing water quality and presented 
two different methods of surveying macrophyte vegetation for this purpose. Then, in the 
early 1990s, the Trophic Rank scheme was further developed with reference to the 
trophic banding approach of Haslarn (1987) and the DOME system for the flora of 
standing waters (Palmer, 1992, see below) leading to the early versions of the MTR 
(Holmes, 1995; Holmes, 1996). The MTR was applied nationally in the mid 1990s by the 
Environment Agency for the purposes of UWWTD monitoring. 
1.4.5 Performance of the MTR 
A major evaluation of the performance of the MTR has just been completed by the 
Natural Environment Research Council (NERC) Institute of Freshwater Ecology (IFE) - 
(Dawson et aL, 1999b). The evaluation utilised data from MTR surveys undertaken by the 
Environment Agency for UWWTD monitoring in the period 1994-1996, surveys 
undertaken by the IFE as part of the evaluation project, and archive data from the 
statutory conservation agencies of England, Wales, Scotland and regulatory bodies in 
Northern Ireland (Dawson et aL, 1999b). Analysis of 5281 macrophyte surveys from 
Britain and Ireland, and associated water chemistry data where available, indicated that 
aquatic macrophyte flora have a spectrum of tolerances to nutrient enrichment and that 
the performance of the MTR system was sufficient to warrant its use as a tool in the 
assessment of eutrophication (Dawson et aL, 1999b). Individual species showed broad 
tolerances to nutrient enrichment and these were reflected by the STRS. However, no 
single species was restricted to a trophic range small enough to allow that species to be 
used as a 'key' species in eutrophication assessment. Relationships between MTR and 
phosphate and nitrate were general, but MTR did decline with increasing concentrations 
of these nutrients in the water column. 
The relationships between the logarithm of the nutrient concentration and MTR were 
stronger for phosphate than nitrate (Dawson et aL, 1999b). Additionally, the MTR was 
compared with the TDI through surveys on the Rivers Loddon and Kennet (Berkshire). 
Both methods indicated a broadly similar downstream pattern in trophic status along the 
two rivers with differences between the methods attributed to particular survey conditions 
(shade, silt, excessive algal growth), The evaluation recognised the possible influence of 
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temporal and spatial variation upon plant communities and MTR was significantly 
correlated with a number of physical characteristics of the rivers surveyed - mean depth, 
cross-sectional area, mean substrate size, river slope, source altitude, flow category, 
solid geology coding and geographical location (Dawson et aL, 1999b). The authors 
recommended that the highest priority in further development of the method was to 
determine the influence of these physical variables on the MTR and that this could be 
achieved through the incorporation of a predictive element to the system leading to a 
'PLANTPACS' (Institute of Freshwater Ecology, 2000) similar in approach to the 
established RIVPACS (Wright, 1995). 
The performance of the MTR has also been assessed independently through a series of 
macrophyte surveys at twenty-three sites on the River Welland, East Anglia (Demars and 
Harper, 1998). MTR was significantly but weakly associated with soluble nitrate and 
phosphate. The authors concluded that, although MTR has been shown to differentiate 
between sites upstream and downstream of nutrient inputs at a catchment scale, stream 
size was an overriding factor and relationships between MTR and water quality were 
obscured by site factors such as land-use, shade, and localised disturbance. 
1.5 Other Macrophyte-Based Biological Assessment Methods 
A number of other approaches have been used in investigating the relationships between 
macrophyte communities and water chemistry with the aim of monitoring impacts on 
water quality. There have been studies of the relationship between lake floras and water 
chemistry that have paralleled those for running waters. Pearsall (1920) and Spence 
(1967) both considered the factors that influenced the distribution of macrophytes in 
British lakes. However, the use of'macrophytes as indicators in lakes was first 
investigated by Seddon (1972) who focused on the distribution of plant assemblages and 
individual species with respect to water conductivity and hardness. The DOME system 
was the first major attempt to assess trophic status in lakes through the macrophyte 
community (Palmer, 1992) (Palmer et al., 1992). Species were scored according to four 
bands of trophic status - Dystrophic, Oligotrophic, Mesotrophic and Eutrophic (hence the 
acronym, DOME). On the basis of these bands each species was given a Trophic 
Ranking Score (TRS), an average TRS was calculated for sites, parts of sites or 
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vegetation samples. The TRS was used to compare vegetation surveys for sites to 
assess nutrient enrichment (Palmer et aL, 1992). 
(Kelly and Whitton, 1998) have reviewed the methods employed in biological monitoring 
of eutrophication in rivers which include methods using algae (Algal Abundance Index 
and Trophic Diatom Index) and macrophytes (MTR). Only methods using macrophytes 
are considered here. Methods using macrophytes may be based on the identification of 
community assemblages; biomass measurements; classifications of geology, 
geornorphology or drainage order; plant morphology; classical phytosociology; or the 
identification of communities using weightings to indicator species (Demars and Harper, 
1998). The earliest approaches to assessing trophic status and enrichment were based 
on associations between particular species and trophic levels (e. g. work of Kohler, 1975; 
Kohler and Schiele, 1985; Tremp and Kohler, 1995). Others, have adopted the 
phytosociological techniques long favoured by continental plant ecologists and applied 
them to the problem of biological monitoring with macrophytes (cf. Meriaux, 1982; 
Carbiener et aL, 1995). However, most attempts to develop bioindication schemes have 
focused on community assemblages, which have a more precise bioindicator value than 
isolated species (Carbiener et aL, 1990), and used multivariate and ordination techniques 
to investigate the relationships between vegetation, water quality and other factors. 
Frequently, the relationship between macrophytes and trophic status has been obscured 
by the presence of other physical and chemical factors operating at the reach and 
catchment scale. Wiegleb (1981) found that vegetation samples from Lower Saxony, 
Germany were more related to the physico-chemical type of the watercourse than to 
water quality. Multivariate analysis of vegetation and water chemistry data from the 
Alsace Rhine floodplain and the Northern Vosges, France was used to develop a 
'reference system'for running waters (Robach et al., 1996). The analysis showed that the 
response of macrophyte communities to nutrient enrichment was different in acidic and 
calcareous systems (Robach et al., 1996). A similar approach found that the macrophyte 
communities of 21 streams in the Lorraine region, France, could be classified into five 
classes where the first two classes were sites with a high percentage of bare bed and 
steep slopes, a third class was defined by water chemistry variables, and the remaining 
class was defined by light availability (GrasmOck et at, 1995). Another study of 
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macrophyte communities in the Alsace, France, did, however, indicate a gradient of 
trophy from oligotrophic communities through to eutrophic communities (Carbiener et al., 
1990). 
An approach based on plant morphology has been adopted in the development of the 
River Trophic Status Indicator (RTSI) models. Two models have been developed using 
data collected from rivers and drain age/irrig ation channels in Scotland and Egypt (cf. 
Murphy and Ali, 1998; Ali et aL, in press). The first model is based on plant functional 
groups (RTSIFG) and the second is based on field-measured traits (RTSITR) (e. g. 
root: shoot ratio, shoot length, leaf area). The two RTSI models and the MTR were used 
to predict water column phosphorus concentrations. The MTR was shown to explain 34% 
of the variation in phosphorus concentrations, the RTSIFG and RTSITR models explained 
27% and 32% respectively. However, the two RTSI models combined were able to 
predict more than half of the variation and the use of morphological characteristics merits 
further investigation. 
A further development in using macrophytes is the biomonitoring approach which has 
been attempted in the Detroit River, North America, where genotypes of Vallisnefia 
americana have been placed upstream and downstream of point sources of pollution and 
the response of the plants is being monitored during an ongoing study (Lovett Doust et 
al., 1994). 
There is also evidence of macrophytes being used to monitor a wider range of organic 
and industrial pollutants. Harding (1981) discussed possible indices based on 
macrophyte surveys of plants in the north-west of England subject to various types of 
point source pollution. He suggested a plant score (1 -10 with the highest scores given to 
the most sensitive species) combined with a Plant Community Description Class (PCDC) 
based on a two letter classification of the plant community. Others have considered 
macrophytes to monitor organic pollution (Caffrey, 1985; Caffrey, 1987) and saprobity 
(Schmedtje and Kohmann, 1987). The latter authors concluded that macrophytes could 
indicate only the trophic level of waters and not saprobity as they were not involved in the 
destruction of organic material. 
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Haury and Peltre (1993) compared a number of macrophyte-based methods in five rivers 
of Northern France. A phytoecological index based on the work of Ellenberg (1973); 
Harding's plant score method (Department of the Environment, 1987); the Trophic Index 
of Holmes and Newbold (1984), which has been developed into the MTR; and Haslam's 
(1987) damage rating method were found to give convergent results predicting the water 
quality of the five rivers. However, the authors concluded that the method of Harding and 
that of Holmes and Newbold were simpler than the other methods and provided a good 
diagnosis of water chemistry (Haury and Peltre, 1993). 
1.6 Conclusions on Using Macrophytes as Bioindicators 
It is clear from both the evaluation of the MTR project and a brief review of other attempts 
at using macrophytes as bioindicators and biomonitors that the influence of other factors 
(physical and chemical) frequently overrides or confounds that of nutrient concentrations. 
A number of factors control the distribution of organisms in running waters - flow velocity, 
stability of water depth (spates and droughts), light and temperature regimes, substrate 
condition (physical and chemical) and stability, dissolved oxygen availability and water 
quality (acidity, hardness, turbidity, salinity and nutrient concentrations) (Hellawell, 1986). 
Consequently, the use of macrophytes as bioindicators must acknowledge and account 
for these other influences. The range of factors that are important in structuring 
macrophyte communities also means that whilst some species will respond to and reflect 
the trophic level of the water others will indicate abiotic characteristics to differing degrees 
- these may be considered environmental descriptors, for example, Nuphar lutea which is 
restricted to deep, slow-flowing channels (GrasmOck et aL, 1995). 
The use of macrophytes as indicators of river nutrient status has a further complication 
which is expressed in Kelly and Whitton's question (1998) - "what is being measured by a 
complex community of organisms which derive nutrients to varying extents from both water and 
sediment? * . This is discussed in full detail in Chapter Two. It may be concluded that 
successful bioindication of trophic status using macrophytes can only be realised if there 
is a good understanding of how species and communities vary and respond to the many 
other factors that are important in governing river flora distribution. Central to this is 
understanding the role of nutrients contained within sediments which rooted plants may 
obtain. Rooted macrophytes can potentially derive nutrients from both water column and 
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sediment (see Chapter Two) and macrophytes can therefore be expected to reflect the 
trophic status of the water and sediments (Carbiener et aL, - 1995). This'should be 
considered an advantage as eutrophication involves the entire system and trophic status 
is the result of complex interactions between all component parts of the system. 
Therefore, any organism which reflects only the trophic status of the water column will 
underestimate the nutrients available in the system. Much of the unexplained variance in 
the relationships between MTR and water concentrations of phosphate and nitrate may 
be the result of the influence of sediment concentrations of these nutrients. Thus, 
sediment nutrient concentrations should be considered if the MTR and other bioindication 
schemes are to accurately reflect eutrophication - 
"underpinning research on the relationship between river macrophyte communities and nutrients, 
including the influence of sediment chemistry is urgently required to support some of the 
contentions within this project" 
Workshop held at Lancaster 7-8 March 1996 (Dawson et al., 1999a, point 3.11.3, p. 7) 
1.7 Further Development of the MTR and other Bioindicator Methods Using 
Macrophytes 
The future application of macrophyte-based methods for bioindication of trophic status 
and eutrophication requires that this background information on the principal factors 
controlling macrophyte distribution (other than trophic status) is incorporated. The use of 
a particular organism or group of organisms in biological assessment must be supported 
by a detailed understanding of the ecology of the bioindicators and knowledge of what 
may control distributions in a particular environment. Chapter Two reviews the current 
understanding of the ecology of riverine macrophyte communities with a particular 
emphasis on the role of sediments as a source of nutrients. The emphasis of the review 
is on the interrelationship between macrophytes and phosphorus in the sediment-water 
system. This emphasis reflects the strong bias in the literature towards phosphorus and 
the view that phosphorus is the nutrient most likely to be limiting plant growth in running 
freshwater systems. In the evaluation of the IVITR, Dawson (1999b) also focused on 
phosphorus on the assumption that phosphorus was more limiting, but acknowledged 
that in some locations nitrate may be limiting, for example, in shallow eutrophic lakes 
where denitrification rates are high (Golterman, 1976). 
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Chapter Two 
SEDIMENT-MACROPHYTE INTERACTIONS 
2.0 Introduction 
The use of macrophytes as tools for biological assessment of eutrophication, as 
advocated in the previous chapter, requires an understanding of the relationship between 
macrophytes and nutrients and in particular the role of sediments in these processes. 
This chapter is concerned with the state of current understanding of nutrient dynamics in 
streams, the role sediments play in nutrient dynamics and the interaction between 
sediments, flow and macrophytes. Research from a variety of fields (hydrology, 
geochemistry and macrophyte ecology) is reviewed, and research needs are identified. 
There is an emphasis on nutrient research dealing with phosphorus, although studies of 
nitrogen dynamics are also included. This emphasis on phosphorus reflects the large 
body of literature that exists and that phosphorus is able to bind to the sediments to a 
greater degree than nitrogen. Additionally, given the major role of phosphorus in 
harvesting energy from photosynthesis and that the proportional abundance of 
phosphorus in the lithosphere is lower than in plant tissue, phosphorus is a prime 
candidate for a limiting macronutrient (Harper, 1992). In support of this contention 
Mainstone et aL (1993) argued that whilst phosphorus and nitrogen were the most 
important nutrients for plant growth in freshwaters, phosphorus was most likely to limit 
plant growth. 
Part I (Sections 2.1 to 2.5) considers nutrient dynamics in flowing waters and the 
processes regulating phosphorus and nitrogen concentrations in the sediments. Part 11 
(Sections 2.6 to 2.11) concerns the role of sediments and nutrients in macrophyte 
species distributions and community dynamics. The chapter concludes with the specific 
aims and objectives of this research (Section 2.12). 
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PART I 
2.1 An Overview of Nutrient Dynamics In Streams 
A nutrient is any inorganic material necessary for life and, with respect to plants, usually 
refers to chemical compounds required for the synthesis of new organic matter (Allan, 
1995). The availability of certain elements (C, N, P, SI, S, K, Mg, Na, Ca, Fe, Mn, Zn, Cu, 
B, Mo and V) and certain essential vitamins frequently limits the growth and productivity 
of autotrophic organisms. The most important of these to macrophytes are carbon, 
nitrogen and phosphorus although carbon is typically abundant as C02. Together with 
hydrogen, oxygen, potassium, sulphur, magnesium calcium and iron these three 
elements are considered to be the macronutrients, those elements required by plants in 
relatively large quantities. The remaining elements essential for plant growth are required 
only in very small quantities and are termed micronutrients. The term nutrient and the 
definition applied to this term has received criticism, as often the term nutrient is assumed 
to be synonymous with the term limiting factor (Clymo, 1995). Henceforth, the term 
nutrient is used to describe an element necessary for organism growth and/or 
reproduction. It is acknowledged that a shortage of a particular nutrient may limit 
productivity in an ecosystem but that, conversely, an excess supply of a particular 
nutrient may result in toxic effects. 
Nutrients in aquatic environments may occur as ions or dissolved gases in solution, or 
they may exist in a particulate phase as a result of numerous physical, chemical and 
metabolic processes. The sources of nutrients within running waters are varied and the 
relative contributions of each source are subject to both spatial and temporal variations. 
Natural sources include the weathering of rocks and soils (the products of which are 
transported into streams by wind, runoff and groundwater flow), precipitation and salts 
from sea spray, Increasingly, anthropogenic sources such as agricultural and urban 
runoff and industrial effluents (atmospheric and liquid) are the principal nutrient sources in 
some areas. 
Once in the aquatic environment, nutrients are subject to physical, chemical and biotic 
processes which alter their form and availability to autotrophs and heterotrophs. The four 
key physico-chemical processes operating are adsorption, desorption, flocculation and 
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chemical precipitation. Adsorption is a process whereby ions become attached to organic 
surfaces, the reverse process is termed desorption. These two processes are dependent 
on both ion concentrations and environmental conditions and are of greatest importance 
to highly charged anions, for example phosphorus. Flocculation describes the coalescing 
of colloidal-sized particles into larger aggregates. The final chemical process is chemical 
precipitation, which occurs under oxidising conditions and reverses under anaerobic 
conditions (Allan, 1995). Assimilation of nutrients and their subsequent excretion by 
organisms are the principal biotic processes at work in ecosystems. However, the 
nitrogen cycle is also affected, and indeed regulated, by the action of bacteria 
responsible for nitrification and denitrification. Direct measurement of nutrient inputs to a 
system frequently reveals levels much too low to support the observed productivity of that 
system, emphasising the importance of internal recycling. 
2.1.1 Nutrient Spiralling 
Much of the understanding of the processes responsible for the transformation and 
movement of nutrients within freshwater systems has come from studies of lentic 
systems. Whilst chemically rivers and lakes are closely aligned (in contrast to estuaries 
and oceanic systems), physically and structurally the two types of system are very 
different. Consequently, paradigms of nutrient cycling developed through lake studies are 
unlikely to be directly transferable to lotic systems. 
The presence of flow is likely to be of greatest significance. In lakes wave- and wind- 
generated water movements play a role in cycling, and therefore it is to be assumed that 
the presence of an overall unidirectional flow within rivers will have at least some impact 
upon the functioning of nutrient cycles. The conventional idea of cycles of nutrients in 
lakes is not applicable to lotic systems as each cycle will be displaced downstream from 
the previous cycle; this has led to the concept of nutrient spiralling. A theoretical model 
for this spiralling concept was developed by Newbold et. aL (198 1), the length of a spiral 
corresponding to the distance an atom travels downstream between biological 
assimilations (Newbold, 1992). 
Nutrient spiralling is influenced by a number of in-stream, abiotic and biotic factors. The 
main physico-chemical controls on spiralling are precipitation and sorption to sediments, 
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(of particular importance for phosphorus compounds). The quantities of solutes lost from 
the water column in this manner will depend on water concentrations of the solute, and 
the state and nature of the sediment-water interface environment (Allan, 1995). The 
hydrology and the physical structure of a stream or river may also be important in 
determining the length of a spiral as nutrients accumulate at low flows due to the 
increased contact area to channel volume ratio. Equally, spirals will be longer during 
periods of high flow. In-stream barriers such as debris dams may retard the downstream 
transport of nutrients, and the smaller the stream the more significant this retention is 
likely to be. The spiralling of nutrients will also be affected by the activity of organisms 
within the water and sediments. Autotrophs are able to remove considerable quantities of 
nutrients from the water column. For example, there was significant removal of water 
column phosphorus by a dense bryophyte bed in Bear Brook as a nutrient pulse passed 
over the bed (Meyer, 1979). Flowing water ecosystems may have the potential to 
withstand higher concentrations of nutrients than standing waters as there is less time for 
nutrients to be assimilated by biota (Harper, 1996). 
Nutrient dynamics in flowing waters also differ from the cycles in standing waters because 
of the difference in sediment-water interactions. Turbulence ensures thorough 
oxygenation of the sediment-water interface, and therefore in flowing waters anaerobic 
conditions are restricted to dead-zones and the muds of emergent macrophyte beds. This 
has important implications for sediment and interstitial water chemistry and the exchange 
of nutrients across the solid-liquid interface (see Section 2.4.2). The structure of rivers 
also ensures that lotic nutrient dynamics are different to those of lentic systems. Flow can 
result in greater habitat and sediment heterogeneity providing greater potential for 
nutrient retention and storage. Processes of scour and fill will also lead to the depletion 
and accumulation of sediment-associated nutrients. Downstream changes in channel 
characteristics result in different ecosystem processes dominating in different locations 
along the length of the river. Upstream and middle reaches will generally have little 
planktonic algae and therefore processes within the sediment and macrophyte biomass 
will dominate. In reaches where macrophytes are extensive, they are likely to play a more 
central role in cycling than plants do in lakes (other than very shallow lakes) where they 
are restricted to the littoral zone (Harper, 1992). Thus, within rivers, there is both lateral 
and longitudinal variation in structure and function which manifests itself in the dynamics 
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of nutrients. Lotic environments also lack planktonic interactions and hence sedimentary 
processes, both biotic and ablotic, dominate. Much of the understanding about riverine 
nutrient spirals is based on applying a downstream transport dimension to conventional 
lake nutrient cycles but, although this may be theoretically acceptable, there has been 
little work contributing to a detailed knowledge of lotic processes. 
Unfortunately a "detailed knowledge of nutrient cycles in many river systems is lacking" 
(Harper, 1992). Therefore, it is necessary to draw upon the considerable body of 
information on nutrient processes within lakes and discuss how it can be applied to lotic 
systems. A brief review of nutrient dynamics is presented here, with the emphasis on the 
processes operating within sediments and controlling cycling or spiralling. The emphasis 
is upon phosphorus and, to a lesser extent, nitrogen as these are the most intensively 
studied nutrients and are therefore likely to be of most importance in furthering our 
understanding of aquatic ecosystem functioning and eutrophication. 
2.2 Phosphorus Behaviour In Freshwater Systems 
Phosphorus (P) is a non-metallic element and is the eleventh most abundant element in 
the earth's crust. The average concentration of P in the crust is approximately 0.1 
percent and consequently it is considered a trace element. In contrast to the cycles of 
carbon, hydrogen and nitrogen in the environment, the phosphorus cycle is very slow, 
taking millions of years to complete one cycle (Holtan et aL, 1988). A consequence of 
this slow cycle is that phosphorus accumulates in waters and sediments, and this is 
increasingly noticeable as anthropogenic phosphorus loading to environmental systems 
continues. Phosphorus is the single most significant and controllable element involved in 
driving the eutrophication process (Rast and Thornton, 1996). 
Phosphorus is one of the three macronutrients required for plant growth and has a vital 
role in energy transformations in the form of adenosine diphosphate (ADP) and 
adenosine triphosphate (ATP) and in life cycles as an essential component of DNA and 
RNA. Phosphorus has a significant effect on a number of plant functions and qualities: 
photosynthesis, nitrogen fixation, plant maturation, root development and overall plant 
quality (Brady, 1990). Terrestrial plants obtain phosphorus via their roots and absorb it in 
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the form of the P043- ion. The site of phosphorus uptake for aquatic plants is less clear 
and is further discussed in Section 2.7. 
2.2.1 Sources of Phosphorus 
The retention and cycling of phosphorus within rivers will be determined by the inputs of 
phosphorus to the system. The nature of phosphorus inputs will also determine the fate 
of the compounds and the potential for eutrophication. Phosphorus present in 
waterbodies may be of natural or anthropogenic origin. Natural sources include the 
weathering of catchment soils and atmospheric deposition, either of mineralogical or 
biological material (Mainstone et aL, 1993). Most of the phosphorus in freshwater 
systems in the UK is believed to be anthropogenic in origin, derived from sources such as 
sewage treatment works, farm runoff and atmospheric pollution (Mainstone et aL, 1993). 
Sewage effluent is thought to account for approximately half of the phosphorus output to 
UK surface waters (Mainstone et aL, 1993) and certain rivers may have a discharge 
almost entirely dominated by sewage effluent under low flow conditions. The phosphorus 
load to rivers in the UK is estimated to be 0.5-1.0 kg P /capita/annum, with 40-55% of 
this comprising detergents (Harper, 1996). 
Diffuse sources, particularly runoff from agricultural activities, are more difficult to 
quantify. However, they are commonly believed to be significant. As the dominant 
characteristics of phosphorus in soils are low solubility and strong binding (Rowell, 1993), 
phosphorus transport from soils usually begins with erosion processes of either 
detachment and/or dissolution of insoluble phosphorus. These processes are likely to be 
important only during periods of high rainfall intensity. Factors influencing the relative 
contribution of agricultural inputs include soil (texture, organic matter, structure), slope, 
effective rainfall and hydrological factors, crop cover, proximity to watercourses, nature of 
land management and susceptibility of soils to erosion. The influence of soil type was 
demonstrated in an empirical relationship between phosphorus and suspended solid 
loading in the Canadian Great Lakes (Wall et al., 1996). The ratio of phosphorus to 
suspended sediment declined as the unit area suspended sediment load increased. This 
is a result of the greater range of particle sizes eroded in areas of high erosion, where 
erosion rates are lower, clay (which has a larger relative surface area than larger particles 
and thus greater potential for phosphorus adsorption) will dominate the suspended 
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sediment load (Wall et aL, 1996). Additionally, plot scale experiments have demonstrated 
that total phosphorus concentrations in runoff varied with landuse (Heathwaite and 
Johnes, 1996). Organically-bound phosphorus will enter lakes and streams as part of 
soluble organic matter, as well as partially and undecomposed vegetation and animal 
material (Hesse, 1973). However, as phosphorus is transported, it is transformed from 
one form to another through physical and biological processes. The source of 
phosphorus present in a water body may not therefore be identifiable from the form 
present in the waterbody. 
2.2.2 Forms of Phosphorus In the Water Column 
Reflecting these different origins, phosphorus in the water column occurs as dissolved or 
soluble phosphorus (DPISP) or particulate phosphorus (PP) in suspension. - All 
phosphorus in soils, water and sediments is present in the oxidised form of phosphates, 
minerals in which each phosphorus atom is surrounded by four oxygens (Emsley, 2000). 
It usually occurs in the oxidised state as ions of inorganic orthophosphate or organic 
compounds (Holtan et aL, 1988). The division of forms of phosphorus in freshwaters is 
largely determined by the analytical techniques used to measure concentrations. Total 
phosphorus in water is subdivided into PP and SP on the basis of filtration, usually with a 
0.45gm filter. However, the distinction between SP and PP is an operational distinction 
as a 0.45jam membrane will allow the passage of small-sized PP and colloids. Broberg 
and Persson (1988) discuss this problem and consider alternative separation methods. 
SID is further divided into that which is reactive (SRP, or orthophosphate) and that which 
is unreactive (SUP). The most significant forms of PP are adsorbed-exchangeable 
phosphorus, organic phosphorus, precipitates (fertiliser, reaction products with Ca, Fe, Al 
and other cations), crystalline minerals and amorphous phosphorus. SP is usually 
orthophosphate, inorganic polyphosphates or organic phosphorus compounds dissolved 
in water (Holtan et aL, 1988). A study of annual nutrient transport in four English rivers 
with contrasting catchments indicated that total PP represented 26-75% of the annual 
total phosphorus transport, and this PP was predominantly inorganic in nature (Russell et 
aL, 1998). There is a release of water-soluble phosphorus from the solid phase, and 
therefore reactions at the sediment-water interface are a vital control on the phosphorus 
in solution available for uptake. Complex or condensed phosphates from detergents and 
from living organisms are slowly hydrolysed in water to an orthophosphate form. 
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Hydrolysis of organic to inorganic phosphorus forms is a major aspect of the phosphorus 
cycle and is achieved through both chemical and biological reactions. 
Forms of dissolved phosphorus may also be further distinguished depending on whether 
they are mineral or organic - dissolved inorganic phosphorus (DIP) and dissolved organic 
phosphorus (DOP) - and whether they are reactive. The use of these descriptions reflects 
the uncertainty about the fractions obtained through analytical techniques. Many fractions 
are calculated as remainders following the analysis for other fractions. A detailed account 
of forms of phosphorus in the water column and sources and methods for the analysis of 
different fractions is given by Broberg and Persson (1988). 
Important components of DIP are orthophosphates (from weathering, biological 
metabolism or degradation), polyphosphates and metaphosphates, the latter two 
components are both the result of biological activity. Anthropogenic phosphorus pollution 
is a further source of ortho- and polyphosphates. DOP may be released from active cell 
metabolism or via the death and decay of cells, although the major sources of DOP 
remain unknown. The particulate fraction of water column phosphorus may be considered 
as having three major sources - biological materials, weathering products and 
precipitate/sorption products and may be subdivided into six components: cells; minerals; 
inorganic precipitates; organic detritus; organic flocculates and coprecipitates 
(organic/inorganic coprecipitates or organic aggregates consisting phosphorus plus metal 
compounds). Physical properties of PP are of importance for they determine the ability of 
the particles to remain suspended and in the water column and thus govem the 
availability of the phosphorus, Turbulence in rivers may be sufficient to retain even large 
particles in suspension,, and consequently the composition of PP is different in river 
waters to lake waters. In lakes the largest proportions of PP will be in the form of 
planktonic algae and organic detritus, whilst in rivers the mineral forms (clay and silt) will 
be proportionally more important (various data compiled by Broberg and Persson (1988)). 
2.2.3 Availability of Water Column Phosphorus 
The proportions of phosphorus present within the water column in different forms will 
influence both availability to primary producers and cycling processes. Specifically, the 
particulate component gives greater potential for transmission losses, storage and 
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remobilisation due to deposition within the channel and floodplain (Walling et aL, 1997). 
Conventional monitoring of phosphorus in rivers has focused on the soluble fraction as 
this is the fraction believed to be available to algae and a principal cause of 
eutrophication. However, there is evidence that ignoring the particulate component may 
underestimate the phosphorus present, particularly given the potential for settling of PP in 
sediments and subsequent release in a form available to algae and macrophytes. A study 
of global transport suggested that 57% and 95% of total flux of nitrogen and phosphorus 
respectively, was associated with sediment transport (Meybeck, 1984 reported in Allan, 
1995). A study of sediment and associated nutrient fluxes in four English rivers found that 
sediment-associated phosphorus transport accounted for 65-75% of total phosphorus 
transport in the two smaller rivers but only 26.3% of total phosphorus in a larger river, 
highlighting the influence of catchment characteristics (Walling et aL, 1997). The study 
concluded that the sediment-associated contribution to total phosphorus flux is likely to 
be >50% in most river basins with average or greater suspended sediment yields, but 
likely to fall below 50% where effluent inputs represent an important component of basin 
nutrient budget. 
In addition to the distinction between soluble and particulate forms of phosphorus, 
phosphorus in freshwaters may be classified by its chemical form. Both the physical and 
chemical form of phosphorus will affect the availability of water column phosphorus, 
initially to autotrophs and ultimately to heterotrophs. In some freshwaters, large 
proportions of both nitrogen and phosphorus will be present in organic forms (cf. Arshad 
et aL, 1988). Conventional thought dictates that these forms are biologically unavailable 
and that orthophosphate is the only form of phosphorus directly available to planktonic 
algae. Much of total phosphorus is potentially available for uptake and utilisation 
providing that certain transformations have occurred. Thus, the proportion of total 
phosphorus that is bioavailable will depend both upon the forms of phosphorus present 
and numerous environmental factors influencing retention, release and transformation 
processes. The duration each phosphorus atom is accessible to primary producers and 
the likelihood that phosphorus will reach the sites where is it required will also be 
significant (Bostr6m et aL, 1988b). 
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2.3 Forms of Phosphorus and their Dynamics In Freshwater Sediments 
The propensity of phosphorus to adsorb to organic and inorganic particles and be present 
in particulate forms means that sediments are likely to be of major significance in 
phosphorus dynamics. River and lake sediments may be considered as a special kind of 
soil as they are permanently waterlogged and are continuously regenerated by deposition 
(Hesse, 1973). The composition of sediments varies but includes organic matter 
(decaying algal cells, macrophyte tissue and terrestrial organic detritus) and inorganic 
particles resulting from the erosion of rocks and soils (Golterman, 1975). The biota of 
sediments are also different to that of the overlying water; for example, stream sediments 
have greater bacterial biomass than waters (Meyer et aL 1987 - quoted in Chambers et 
aL, 1992). Biological processes involving phosphorus are likely to differ from the 
sediments to the water column. Furthermore, the importance of sediment nutrients, 
particularly for aquatic macrophytes, is well documented (Carignan and Kalff, 1980; 
Denny, 1980, see Section 2.7). In recognition of the potential role of sediment nutrients, 
the importance of understanding the inter-relationship between macrophytes and 
sediment has been outlined in the conclusions of the MTR evaluation (Dawson et aL, 
1999b, see Chapter One). Additionally, understanding the role of sediments as 
accumulators, transformers and sources of nutrient compounds is vital in furthering our 
understanding of nutrient cycling, and thus eutrophication processes in freshwaters 
(Martinova, 1993). 
The sediment of rivers and lakes may act as an important sink and source for 
phosphorus, and 70% of all phosphorus within a system may ultimately end up in the 
sediments (Golterman et aL, 1983). In lakes, unless biological activity is very high, the 
rate at which phosphorus is lost from solution and immobilised will exceed the rate at 
which it is released from biological material (Hesse, 1973); whether this also occurs in 
rivers is likely to be dependent on the influence of flow. Many eutrophication studies 
have concluded that reducing nutrient loading to a river or lake may have little effect in 
the short term because lowering the water column phosphorus has the effect of releasing 
the phosphorus locked in the sediment. This is often termed secondary eutrophication 
(Martinova, 1993; Pitt et aL, 1997). Thus, sedimentary phosphorus represents a legacy 
of historical nutrient loading and, under favourable conditions, can act as a significant 
48 
source for water column phosphorus. This internal loading of phosphorus from the 
sediments will be discussed further in Section 2.4.1. 
2.3.1 Sources of Sediment Phosphorus 
Sediment phosphorus has its source in settled PP (allochthonous or autochthonous), 
partly dissolved phosphorus which has sorbed to the surface sediment or accumulated in 
the interstitial water (see Section 2.3.3). Allochthonous material is the product of erosion 
within the catchment and is either inorganic particulate phosphorus sorbed to mineral 
particles or in the form of minerals containing phosphorus. Autochthonous material is the 
by-product of biological metabolism within the system. The source of the sediments in a 
water-body along with the bio-, physico- and chemical environment of the benthos will 
determine the quantitative and qualitative composition of the sediments (Holtan et aL, 
1988). The sedimented phosphorus compounds undergo transformations in the sediment 
which are important in determining the final availability of the nutrients. The accumulation 
of phosphorus and nitrogen in the sediments is also dependent on the accumulation of 
organic matter which is processed by benthic organisms, resulting in alterations to the 
CRP ratios in the sediment (Martinova, 1993). 
The chemistry of the water and the sediment chemistry are often very different. For 
example, in lakes there may be 300 times as much phosphorus per square metre in the 
top 10cm of sediment compared to a 5m column of overlying water (Lijklema, 1998). 
However, there is a dynamic equilibrium between sediments and the overlying water with 
transport of phosphorus across the sediment-water interface mediating the balance 
between the two compartments. This balance may buffer the impact of large inputs of 
phosphorus; this is illustrated by the case of the River Ant (Norfolk Broads) reported in 
Harper (1996). Phosphorus stripping was introduced at the sewage treatment works to 
reduce the phosphorus input from this point source by 90%. However, the river water 
concentration of phosphorus was reduced by only 50%, with an even lower reduction 
downstream, presumed to be the result of sediment release of phosphate. This 
phosphorus was believed to have entered the river system from diffuse sources, 
originating from spate runoff, and to be stored in the sediments and subsequently 
released. 
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2.3.2 The Composition of Sediment Phosphorus 
Phosphorus is deposited in the sediment in mineral and organic forms but undergoes 
various transformations. Apatite is the only phosphorus mineral which is conserved in its 
original form and as such is termed an allogenic mineral. However, along with other 
phosphorus minerals it may be formed by processes within the sediment. Minerals 
formed within the sediment in this way are termed authigenic (Pettersson et aL, 1988). 
Phosphorus characteristically occurs either as minerals or adsorbed to particles, On 
particle surfaces phosphate is bound to sesquioxides by chelation and clay minerals hold 
phosphate by mechanisms not yet understood (Rowell, 1993). Organic phosphorus in the 
sediment is to a large extent transformed to authigenic mineral phosphorus (Pettersson et 
aL, 1988). The total phosphorus content of river and lake sediments is therefore the sum 
of phosphorus in interstitial water, phosphorus adsorbed to clay particles, inorganic 
phosphorus bound to metals and organic phosphorus (De Groot and Golterman, 1990). 
This section will describe the forms of inorganic and organic phosphorus within the 
sediment and review investigations attempting to quantify the relative amounts of different 
fractions. Most studies in the literature deal exclusively with lake sediments but the 
general patterns should be transferable to river sediments providing the sediment 
heterogeneity, coarser sediments and increased dominance of mineral sediment in rivers 
are acknowledged. 
The relative proportions of different phosphorus forms in the sediment vary considerably 
and available knowledge is governed by the extraction schemes used to separate total 
sediment phosphorus. Consequently, all definitions are operationally derived. Different 
chemical procedures extract different chemical fractions of phosphorus and the 
phosphorus extracted may not necessarily correspond to the fraction supposedly targeted 
by the extraction. A complete review of sequential extractions schemes for the 
determination of sediment phosphorus is given in Chapter Three. However, it is possible 
to determine the different components of sediment phosphorus on an analytical basis. 
Distinctions may be made between soluble and particulate phosphorus in the sediment 
and inorganic and organic forms of these. Phosphorus will be present in both the 
interstitial water and adsorbed to or complexed within the sediment particles. Phosphorus 
associated with sediment particles are considered here, and phosphorus in the interstitial 
water is discussed in section 2.3.3. 
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Inorganic phosphorus in sediments is generally associated with iron, aluminium, 
manganese and calcium, and these elements are clearly of great importance in sediment 
phosphorus diagenesis (Holtan et aL, 1988). Acidic sediments predominantly have 
phosphorus combined with iron and aluminiurn whilst, in neutral and calcareous 
sediments, phosphorus combined with calcium is most important (Hesse, 1973). The 
presence of organic matter in sediments is important as it will be a potential source of 
metal inputs that may become complexed with phosphorus (Stone and English, 1993). 
Most fractionation schemes aim to sequentially extract phosphorus bound to iron and 
aluminium, and then to extract that bound to calcium. A review of the literature suggests 
that apatite, non-apatite and residual phosphorus account for 1-80%, 20-98% and 0-40% 
of total inorganic phosphorus respectively (Martinova, 1993). Total particulate 
phosphorus in the sediment can thus be separated analytically into seven fractions: 
physical and chemical sorbed phosphorus; aluminium-bound phosphorus; iron- and 
manganese-bound phosphorus; calcium-bound phosphorus; reductant soluble 
phosphorus; organic phosphorus; and inert phosphorus (Holtan et aL, 1988). 
The transformation of organic to inorganic phosphorus in the sediment differs from the 
parallel process in the nitrogen cycle, Plant material contains very little inorganic nitrogen, 
and therefore there must be mineralisation before decomposition of organic matter can 
begin to provide nitrogen for microbial activity. In contrast, there is usually enough 
inorganic phosphorus in decaying plant matter to support microbial activity, and thus 
decomposition occurs independent of phosphorus mineralisation (Hesse, 1973). Analysis 
suggests that a large proportion of phosphorus in the sediment may be organic (De Groot 
and Golterman, 1993). However, known organic compounds of phosphorus constitute a 
very small part of the total organic phosphorus in the sediment and most attempts to 
fractionate sediment phosphorus calculate the organic fraction as a residual after mineral 
fractions have been determined. Thus, the present understanding of sedimentary organic 
phosphorus is poor. De Groot and Golterman (1993) recognising that organic phosphorus 
may potentially constitute in excess of 50% of total phosphorus in some sediments, 
attempted to separate organic phosphorus in Camargue sediments, Using a modified 
sequential extraction scheme, organic phosphorus was divided into an acid-soluble 
fraction (ASOP) and a residual organic fraction (ROP) of which phytate, an organic 
phosphate widespread in nature, was shown to be a component. 
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Sequential fractionations of sediment phosphorus from various lakes has indicated that 
iron- and aluminium-bound phosphorus constitutes a significant fraction of sediment 
phosphorus, comprising up to 62% of total phosphorus particularly in sediments with a 
high humus or peat content. However, in some lakes, apatite phosphorus is the largest 
fraction, and residual phosphorus (mainly organic phosphorus) is often in excess of 50% 
of total phosphorus in sediments. Labile (or loosely-bound) phosphorus is generally 
present in low (0.4-7.6%) concentrations (Pettersson et al., 1988). The differences 
between lakes are important. In lakes where calcite precipitations formed, almost all 
adsorbed phosphorus was inorganically bound (Gonsiorczyk et al., 1998). The calcium 
bound fraction has been found to be the most variable sediment phosphorus fraction in 
temporal studies (Williams et al., 1976) and organic phosphorus the least variable 
(Williams et al., 1976; Ostrovsky, 1987). Intercorrelations between phosphorus species in 
the sediments of a number of North American lakes suggested there are relatively 
constant relationships between forms of phosphorus regardless of lake trophic status or 
alkalinity, and it was concluded that the presence of iron had greater influence on 
sediment phosphorus concentration than either trophic status or alkalinity (Ostrovsky, 
1987). 
Reflecting the forms in which phosphorus may be retained in the sediment, there is also a 
relationship between concentrations of total phosphorus and relative proportions of 
different phosphorus fractions and sediment particle size. Measurements of 
exchangeable phosphorus in sediments of the Pembina River, Canada, found that the 
highest concentrations were in the finest sediments, with the lowest in sandy sediments 
(Chambers et aL, 1992). Levels in cobbles were also high, but this may reflect 
phosphorus associated with finer particles within the interstices of the cobble matrix. 
Stone and English (1993) investigated the geochernical composition of suspended and 
bed sediments with particles of various sizes. The authors divided the less than 64[tm 
fraction into a number of size classes. They found that total phosphorus concentrations 
were greatest in the 2pm size class, and that concentrations decreased with increasing 
particle size. As calcium contents were similar across all sediment sizes, it was concluded 
that phosphorus in the smallest size fractions must be associated with iron and aluminiurn 
oxides. This relationship has been described elsewhere: iron and aluminiurn phosphates 
have been found associated with fine soil particles and calcium phosphate with coarse 
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particles (Frink, 1969). However, the relationship between sediment phosphorus fractions 
and sediment particle size is not universal as some systems will contain large aggregate 
particles with a high propensity for phosphorus adsorption. 
2.3.3 Phosphorus in Interstitial Water 
The volume of interstitial or p orewater in sediments can be a significant proportion of the 
total volume of a shallow lake, and the phosphorus contained within the interstitial water 
may be the most freely-available to the roots of submerged macrophytes. The 
concentrations of phosphorus in the interstitial water are very approximately 5-20 times 
higher than those in overlying waters (Bostr6m et. al. (1982) quoted in Enell and Ogren, 
1988) and, in the Pembina River, SRP and NH4 in the interstitial water were consistently 
higher than values in the open water (Chambers et aL, 1992). Yet phosphorus in 
interstitial water generally only constitutes a small proportion of the total phosphorus - 
perhaps <1%, associated with the sediment (Bostr6m et aL, 1988a; Enell and Ogren, 
1988). For example, in the carbonate sand sediments of Zostera sp. beds in Bermuda, 
the total phosphorus pool in the top 20cm of the sediment was 500 times larger than the 
interstitial water phosphorus pool (Jensen et aL, 1998). Clearly, relative to the water 
column, interstitial water concentrations of phosphorus (and possibly other solutes) are 
significant but are only a small component of the total sediment phosphorus 
concentration; this highlights the major importance of sediments as a store and source of 
phosphorus. 
Phosphorus in the interstitial water is present in the same forms as it is present in the 
water column, and it is possible to separate interstitial phosphorus in a similar manner 
into soluble and particulate forms (Section 2.2.2). Interstitial phosphorus is the sediment 
fraction most sensitive to environmental conditions and has a higher chemical mobility 
than phosphorus associated with the sediment particles (Syers et aL, 1973). 
Consequently, interstitial phosphorus concentrations are important in regulating 
phosphorus release from sediments and other phosphorus cycling processes. This 
sensitivity and chemical mobility ensures that interstitial phosphorus is subject to large 
spatial and temporal variation, the latter being particularly pronounced in shallow and 
eutrophic systems with upper layers of sediment seeing daily variations (Enell and 
Ogren, 1988). A study of Lake Sobygaard, Denmark, indicated phosphorus 
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concentrations increased with depth (Sondergaard, 1990). The sensitivity to 
environmental conditions led Enell and Lbfgren (1988) to conclude that interstitial water 
investigations are excellent for describing the trophic state of a lake-ecosystem. However, 
intensive and careful sampling would be required to ensure that the variability does not 
led to erroneous conclusions. 
The variability in interstitial water chemistry is due to sorption capacity, mineralisation and 
decomposition rates, permeability, oxygen availability, microbial activity, and groundwater 
intrusion (Syers et at, 1973). Chambers et at (1992) noted correlations between SRP, 
NI-14, Fe2+, dissolved oxygen and Ca2+ in interstitial water, positively with one another and 
negatively with dissolved oxygen. Interstitial water SRP variations in the surficial 
sediments of Lake Finjasjon, Sweden, were highly correlated with temperature (r2=0.82- 
0.95) and bacterial production rates (r2=0.90.0.95) (Eckerrot and Petterson, 1993). 
However, temporal variability of interstitial chemistry is believed to be due to temporal 
variations in pH (Sondergaard, 1990). Certain characteristics of interstitial chemistry may 
indicate the processes at work within the sediments and the source of sediment 
phosphorus. For example, high levels of ammonium in the interstitial water of Norfolk 
Broads sediments (derived from the breakdown of nitrogenous compounds in anaerobic 
conditions) suggested that SRP in the interstitial pool originated from microbiological 
breakdown of organic matter (Pitt et at, 1997). 
2.3.4 The Spatial and Temporal Variability of Sediment Phosphorus 
Existing data suggest that the concentration and forms of nutrients within the sediments 
of lakes and rivers are highly variable both spatially and temporally. In lakes, deposition 
of sediment will be fairly uniform although is obviously higher around areas of incoming 
rivers. In contrast, rivers exhibit a high degree of flow (and thus sedimentation) 
heterogeneity, and deadzones and backwaters will have sediments very different to those 
in run and riffle areas. Spatial variability in sediment concentrations of phosphorus is 
related to the degree of spatial heterogeneity in river substrates, and the physical and 
chemical characteristics of the sediment are important to both sediment and interstitial 
water concentrations. The profiles of phosphorus in the sediments of lakes and rivers are 
influenced by catchment characteristics and hydrodynamics. On a dry weight basis, 
phosphorus concentrations in lake and river sediments generally decrease with depth (cf. 
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Lijklema, 1998). However, mineralisation and compaction mean that an increase in 
concentration is observed on a volumetric basis (Holtan et al., 1988). Increased 
concentrations at the surface are the result of the higher concentrations in the recently 
settled material, delays in mineralisation of this settled material due to increases in 
sedimentation and decreases in biological activity and an accumulation of phosphorus 
from diffusion in deeper sediment. 
Transformations and dynamics of sedimentary phosphorus are largely controlled by the 
environmental conditions within and directly above the sediment. Of particular importance 
are pH and redox potential (eH). Martinova (1993) states that the main phosphorus 
transformation processes in the top 20-30cm of freshwater sediments are related to the 
decomposition of organic phosphorus and the subsequent adsorption of the 
orthophosphate produced. Additionally, autochthonous, non-apatite phosphorus 
accumulation is controlled by decomposition, thickness of the oxidised layer and mobile 
iron concentrations and accumulation of autochthonous apatite phosphorus is controlled 
by organic matter decomposition and carbonate accumulation (Martinova, 1993). 
A number of studies have looked at spatial and temporal variability in lake sediments, 
although there have been few investigations of this kind in flowing water environments. 
Investigations in a subtropical lake indicated that there was a high degree of spatial 
variability in sediment chemistry, although seasonal variation in sedimentary phosphorus 
was minimal (Arshad et aL, 1988). Similarly, fractions of sediment phosphorus varied with 
depth and season in two coastal lagoons although the sum of fractions for a given depth 
varied little in the course of a year (Moutin et aL, 1993). Spatial variability may also 
influence the distribution of sediment phosphorus fractions - Gonsiorczyk et aL (1998) 
found that the amount of soluble phosphorus increased while adsorbed phosphorus 
decreased with depth, and the authors suggested that there was desorption of 
phosphorus in deeper lake layers where pH decreased. 
Despite rivers having greater habitat variability than standing waters and the likelihood 
that this will in turn result in greater variability in sediment phosphorus, there have been 
few studies of riverine nutrient dynamics. A study by Chambers et aL (1992) of sediment 
and interstitial water phosphorus concentrations in the Pembina River (Canada) found 
55 
that interstitial water chemistry varied with depth and time. At one Pembina site with fine 
sediments, SRP in the interstitial water of the top 5cm varied 400-fold over a year, 
although interstitial water chemistry in sand showed very little vertical variation. Similarly, 
sediment chemistry varied over time, with the sand site displaying the greatest annual 
variability and the fine sediment site the least (Chambers et at, 1992). This temporal 
variability was related to discharge on an interannual scale, but not over shorter time- 
scales. However, the study does indicate that riverbed chemistry is very dynamic, with 
changes occurring at depths of 20-25cm below the surface (Chambers et at, 1992), and 
that this dynamism results in a high degree of spatial (vertical and horizontal) and 
temporal variability in sediment chemistry. Four return visits to a number of sites on the 
River Wey, Hampshire, by House and Denison (1998), indicated that spatial differences 
in sediment chemistry were related to differences in sediment particle size. There was 
also an increase in sediment total phosphorus concentrations from winter to summer, 
associated with phosphorus coprecipitation with calcite during summer and sediment loss 
through scouring during winter (House and Denison, 1998). 
2.4 The Phosphorus Cycle and the Role of Sediments 
The dynamics and cycling of phosphorus within lakes is now fairly well understood. 
However, for the reasons already stated (Section 2.1.1) this understanding may not be 
applicable to running water systems. The behaviour of phosphorus in the environment, 
and particularly its propensity for binding to soil and sediments, results in a cycle which 
operates over a much longer temporal scale than the cycles of elements such as 
nitrogen. The tendency towards forming mineral compounds and adsorption to sediment 
particles also means that sediments of lakes and rivers could be expected to play a far 
more important role in the cycling of phosphorus than in the cycling of nitrogen and 
carbon. A key process in the cycling of phosphorus within freshwaters is the decay of 
organic matter resulting in a transport of phosphorus to the sediment and the subsequent 
release of phosphorus from the sediments into the water column in a form available for 
biological uptake. 
Hayes and Phillips (1958) showed the necessity of viewing phosphorus in aquatic 
systems as being distributed in a state of dynamic equilibrium between water and solids 
(plants, detritus and sediments). This model has important implications for the monitoring 
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of eutrophication as it implies that the level of phosphorus in the system as a whole could 
increase yet the concentration of phosphorus in the water could remain static (Howard- 
Williams, 1985). Thus, the storage and cycling of phosphorus within rivers and lakes is 
directly dependent upon the movement of phosphorus between water and solids, 
particularly across the sediment-water interface. 
The previous sections have considered the forms of phosphorus present in each of the 
abiotic components of the freshwater system. This section considers the processes 
involved in the transport of phosphorus between the various components. 
2.4.1 Internal Phosphorus Loading and Phosphorus Storage 
The literature of oceanography has made a distinction between "new" and "regenerated" 
nutrients (Howard-Williams, 1985), acknowledging the role of cycling in supplying 
nutrients. The role of internal phosphorus loading (i. e. release of phosphorus from 
storage components, usually sediments) has been recognised in lakes and, in some 
cases, internal phosphorus loading can exceed external loading (Boers et al., 1998). This 
has implications for the control and remediation of eutrophication. In predicting this 
internal loading and the role of the solid components in phosphorus cycling, it is important 
to understand the mechanisms and relative importance of various phosphorus storage 
components. A number of potential stores of phosphorus exist in freshwater 
environments and they operate over a huge range of time scales. These storage 
components are also vital in the cycling of phosphorus. 
Primary producers utilise large quantities of phosphorus and accumulate the element 
within their tissue. This storage of phosphorus is temporary as nutrients are returned to 
the water upon senescence and decay. However, the importance of this storage may be 
considerable (cf. Canfield et aL, 1983). The role of in-stream vegetation as a sink for 
phosphorus is further investigated in section 2.10. 
Detritus derived from both in-stream autotrophs and terrestrial sources can be an 
effective store for phosphorus and is an important transitionary component for the 
transfer of phosphorus from biotic material to the sediments. Organic material eventually 
deposits phosphorus as organic compounds that are slowly mineralised (Hesse, 1973). 
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The rate of decay (controlled by environmental conditions and microbial activity) will 
influence the rate of phosphorus cycling within a system. Low temperatures during winter 
months may result in slow decomposition of macrophyte tissue, and thus the re- 
mineralisation of phosphorus from macrophyte detritus may not occur until the next spring 
(Golterman, 1995). Whether phosphorus from detritus is returned to the water column or 
becomes locked in the sediment will depend upon the state of the sediment (redox, pH), 
biological, physical and chemical processes and the concentrations of nutrients in the 
water. The role of fauna as a storage component is not well understood but fish, 
waterfowl and benthic invertebrates can play an important role in the release of 
phosphorus from sediments through bioturbation. Uptake of phosphorus by micro- 
organisms is likely to be directly related to the decomposition of detritus by these 
organisms and the controlling environmental conditions 
The importance of sediments in the cycling of phosphorus in streams was demonstrated 
by a series of circulating stream experiments in which the presence of a gravel substrate 
prevented the precipitation of calcium carbonate and stabilised the concentration of SRP 
within the water relative to experiments with no gravel (Ladle et al., 1976). Furthermore, a 
study of temporal and spatial variability in phosphorus in the water and sediments of the 
River Wey, Hampshire, measured equilibrium phosphorus concentrations that suggested 
a net uptake of SRP by the sediment (House and Denison, 1998). There is no question 
that sediments are a store (temporary at least) for phosphorus in freshwaters and that a 
number of processes are involved in the retention of phosphorus within the sediment. 
The importance and extent of these processes will determine the relative proportions of 
phosphorus in the different sedimentary forms. 
Retention of phosphorus within the sediments begins with deposition of particulate 
compounds or adsorption of phosphorus onto sediments from overlying or interstitial 
water (Bostr6m et al., 1988b). The relative retention of phosphorus in the sediments is 
usually higher in phosphorus-limited environments compared with nitrogen-limited 
systems in which a large proportion of total phosphorus remains as DIP (Boers et al., 
1998). Thus, different lakes and rivers will have different relative proportions of the 
various sediment phosphorus fractions depending on the trophic status and nature of the 
system (Bostr6m et aL, 1988b). Loading of the sediments occurs when the amount of 
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retention exceeds the rate of loss, either through phosphorus release into the overlying 
water or burial and infiltration into deeper sediment layers. Long-term storage may be 
possible through the formation of phosphorus minerals such as apatite. However, these 
form slowly, and phosphorus is more likely to become bound to iron from where is it more 
easily dissolved and diffused to the water column (Boers et al., 1998). It is unlikely that 
burial of phosphorus within the sediments represents a long term loss of phosphorus from 
the system as mixing in the sediment is intensive, particularly where invertebrates are 
present, and macrophytes are able to root deeply (Golterman, 1995). 
Clearly, the retention of phosphorus within the sediment will be dependent upon the 
equilibrium between the inputs of phosphorus and the binding capacity of the sediment 
which increases with the clay, silt and or Fe(OOH) content of the sediments (Golterman, 
1995). The negative relationship between phosphorus adsorption and particle size is a 
result of specific surface effects (Hesse, 1973). The adsorption of phosphorus in 
sediments will also depend upon environmental parameters, particularly pH and redox 
potential (Enell and Ogren, 1988), and may be depressed by the presence of organic 
matter (Hesse, 1973). For phosphorus retention to occur within the sediments, it is 
important that there is rapid cycling and transformation of reactive phosphorus in the 
surficial sediment layer (Boers et al., 1998). This cycling is controlled by a number of 
processes - mineralisation of organic matter, storage of phosphorus by bacteria (G5chter 
and Meyer, 1993), adsorption and desorption on ferric oxides and oxihydroxides, 
authigenic mineral formation, transport within the sediment, and regulation of sediment- 
water fluxes by benthic algae (Boers et al., 1998). There is evidence that the interactions 
between biological and abiotic processes are of great importance in the retention and 
release of sediment phosphorus (Bostr6m et al., 1988b). 
2.4.2 Release of Sediment Phosphorus 
Release of phosphorus from the sediment to the water column is responsible for the 
internal loading of phosphorus that is often observed. As the release of phosphorus is 
controlled in part by the equilibrium between water and sediments internal loading is often 
observed following a reduction in external phosphorus load. Release of phosphorus from 
the sediments is largely controlled by the redox status of the sediments. The Einsele- 
MMimer model of phosphorus release from sediments indicates that phosphorus release 
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occurs when redox potential becomes sufficiently low to reduce Fe3+ to Fe2+, with the 
result that phosphorus adsorbed to the Fe3+ is released (Baldwin, 1996). At neutral pH, 
this reduction occurs at +200mV but will be hindered by high concentrations of 
substances that are reduced preferentially, for example, nitrate or manganese (Pitt et aL, 
1997). Reduction may also occur due to the action of bacteria which may use Fe3+ as an 
electron acceptor, thus releasing any bound phosphorus. This iron-bound phosphorus 
may be released upon a change in environmental conditions and, as such, may result in 
a large discharge of phosphorus from the sediments. Reduction does not affect 
phosphorus bound to calcium and aluminiurn but, as the conversion of aluminium 
phosphate to iron phosphate is commonly observed in waterlogged soils due to the lower 
solubility product of iron phosphate (Hesse, 1973), aluminium-bound phosphorus may 
ultimately be affected by redox potential. 
The role of redox may be considerable. In cores from Wisconsin lakes, low oxygen 
concentrations in the overlying water usually increased phosphorus release rates by 
almost a factor of 10 although, when there were large populations of benthic organisms 
present, low oxygen had little effect on release as bioturbation was the key control on 
release in these situations (Holdren and Armstrong, 1980). However, other processes 
may have importance: remineralisation, desorption facilitated by a change in pH, apatite 
dissolution, or simple diffusion of dissolved phosphorus from interstitial water if the 
overlying water is anaerobic (Ostrovsky et aL, 1989). Indeed, the Ca2* concentration of 
the overlying water may be the second factor controlling the orthophosphate equilibrium 
of sediments and water (Golterman, 1995). Some sediments release organic phosphorus 
independent of redox, with the result that less phosphorus is released (Pitt et aL, 1997). 
The trophic status of waters may influence the dominant process by which phosphorus is 
released from the sediments. Studies in eutrophic and oligotrophic lakes suggested that, 
in eutrophic systems, phosphorus release was the result of mineralisation of organic 
matter whilst, in oligotrophic lakes, phosphorus release occurred through iron reduction 
resulting from the burial of surficial oxic sediments into deeper anaerobic layers of the 
sediment (Gonsiorczyk et aL, 1998). 
In calcareous sediments, reduction processes will be of minor significance in determining 
phosphorus retention or release as little phosphorus will be bound to metals (Bostr6m et 
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aL, 1988b). In these environments, carbonate precipitation may be very important in 
regulating phosphorus transfer across the sediment-water interface. Where increased pH 
and reduced C02 concentrations occur as a result of high rates of photosynthetic activity, 
biogenic carbonate precipitation may occur. Orthophosphate may be coprecipitated with 
the carbonate, or may be adsorbed onto the surfaces of the carbonate minerals which 
may flocculate, settle and end up in the sediments (Bostr6m et aL, 1988b). 
The processes described above are only part of the mechanism by which phosphorus is 
released from the sediment; following the mobilisation of phosphorus there must be 
transport to the overlying water. Mobilised phosphorus will diffuse slowly to the overlying 
water due to the phosphorus concentration gradient between sediment and water 
column, but the release is often enhanced through the action of turbulence, benthic 
invertebrates (particularly chironomids), the vertical diffusion' of gas produced by 
microbes, or the feeding activity of fish or other fauna (Bostr6m et aL, 1988b). Turbulence 
ensures that phosphorus is rapidly dispersed and thus maintains a steep concentration 
gradient at the sediment-water interface. Additionally, water movement will increase 
mechanical mixing of the overlying-water and interstitial water, and may temporarily 
resuspend sediment particles which could enhance sediment release or retention 
depending on the phosphorus adsorption capacity of the resuspended particles. It is 
reasonable to expect that these effects of water movement are of significance in flowing- 
water situations. 
To summarise, a number of factors have been related to the release of phosphorus from 
sediments - temperature, pH, redox conditions, total phosphorus content of sediment, 
total iron to total phosphorus ratio, ferrous iron to SRP ratio of interstitial water, wind 
resuspension of sediment, nitrate concentration, bioturbation (Pitt et al., 1997) and 
phosphorus content of interstitial water (Enell and L6fgren, 1988). Environmental controls 
such as temperature, pH and redox regulate the chemical processes that may lead to 
phosphorus release from the sediments, particularly iron reduction. Eutrophic waters may 
have higher phosphorus release rates as the oxygen status of the sediment is regulated 
by the input of detritus and eutrophic waters produce more biomass and thus generate 
more organic matter. The increase in phosphorus release with increasing temperature 
was found to be greatest in calcareous sediments (Holdren and Armstrong, 1980) but the 
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effect is likely to be indirect and the result of increased microbial activity. The 
concentrations of phosphorus present in both water and sediment are obviously important 
as they control the concentration gradient across the sediment-water interface. The ratio 
of iron to phosphorus in the sediment or interstitial water has also been related to 
phosphorus release (Sondergaard, 1990), indicating the capacity for adsorption of 
phosphorus. Consequently, mechanisms reducing the concentration of iron in sediments, 
such as the production of hydrogen sulphide by reduction of sulphate, will led to 
phosphorus release (Pitt et aL, 1997). 
The presence of organic matter can lead to the release of other forms of sediment 
phosphorus. Microbes involved in the breakdown of organic matter can release acidic 
fermentation products which, through lowering the pH of the sediment, can lead to the 
dissolution of carbonate compounds and of the phosphorus bound to them. G5chter and 
Meyer (1993) outlined the major role of bacteria in sediment cycling of phosphorus, 
particularly in oligotrophic lakes, concluding that sediment bacteria both regenerate 
phosphate and contribute to the production of refractory, organic phosphorus 
compounds. Benthic invertebrates may also play a significant role, and Holdren and 
Armstrong (1980) found bioturbation to have the greatest effect on phosphorus release 
rates when compared to numerous other factors. In addition to bioturbation, chironomids 
can influence phosphorus release from the sediment, both positively through digestion of 
organic matter to produce SRP and negatively by oxidation of the sediment to prevent 
release (Pitt et aL, 1997). The cycling of nitrogen and sulphur may influence the 
phosphorus cycle as denitrification, using FeS as a reductant, produces FeOOH which 
enhances phosphorus binding onto sediments; the sediments become more oxidised and 
thus more suitable for vegetation growth (Golterman, 1995). 
2.4.3 Spatial and Temporal Variability of Phosphorus Release 
Phosphorus release occurs at a range of spatial and temporal scales, with significant 
differences being detectable over very small spatial scales. The depth of oxygen 
penetration in some sediments may be only a few millimetres. Consequently, if this oxic 
surface layer is disrupted, release from the underlying anoxic sediments will occur. In this 
manner, release may be observed from aerobic sediments. Equally, release from such 
sediments may occur if there is insufficient iron available to bind the phosphorus (Pitt et 
62 
at, 1997). Profiles of phosphorus and iron in cores of oxic and anoxic water from only a 
few metres apart indicated that, in oxygenated water, the top 10-11 mm of sediment were 
enriched with phosphate due to migration from the deeper anaerobic layers, and the few 
millimetres at the interface had lower concentrations of phosphate due to slow diffusion to 
the water; however, in the anoxic core phosphate concentrated near the surface due to 
solubilisation and diffusion (Lijklema, 1998). 
Temporal variability in release rates is related to changes in environmental factors: 
temperature; pH; redox potential; organic matter input; and plant uptake. In lakes a 
seasonal pattern has been observed, with release of sediment phosphorus during the 
summer and retention during the winter; this may result in there being no net release over 
the year (Pitt et aL, 1997). The importance of spatial and temporal scales leads to 
criticisms of experiments utilising sediment columns in laboratory or field situations. Most 
of the work on phosphorus cycling and release processes has been undertaken using 
this approach. However, whilst sediment cores may reflect lake conditions for a few days, 
experimentation over longer periods will introduce divergence from field conditions as 
influences such as mixing by macrofauna and sedimentation of fresh detritus are 
excluded (Lijklema, 1998). 
Studies of release rates have been undertaken with cores from many lakes and have 
found various patterns and associations. Release rates from 57 lake sediments studied 
by Ostrovsky et aL (1989) indicated a similar pattern of release for most lakes; an initially 
linear phase, followed by a period of abruptly decreasing release, approaching a zero 
slope asymptote. The study suggested that, whilst water column total phosphorus and 
alkalinity were the best predictors of release rate, they only explained 20% of the 
variation in rate, highlighting the importance of other sediment characteristics (Ostrovsky 
et aL, 1989). In contrast, NOmberg (1988) found that release rates were strongly 
correlated with sediment total phosphorus (r=0.83) and iron-bound phosphorus (r--0.87), 
and recorded release rates of <1mg m-2 V and up to 50mg M-2 V in oligotrophic and 
hypertrophic lakes, respectively. 
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2.4.4 Phosphorus Dynamics in Flowing Waters 
The processes influencing phosphorus cycling and retention in running waters are likely 
to be similar to those operating in lakes in some respects, but the presence of flow and 
the greater sediment variability will have an influence as will the extent of macrophyte 
cover in some streams. In flowing waters, the gradients in nutrient concentration across 
the sediment-water interface will be much less predictable (Chambers et aL, 1992). The 
presence of flow will influence the ability of plants to take nutrients from the water and will 
alter the species of nutrients present (Howard-Williams, 1985). The habitat heterogeneity 
resulting from flow will also influence phosphorus dynamics. For example, work in Danish 
rivers demonstrated that a rivers capacity to metabolise and store phosphorus increases 
through increasing habitat heterogeneity, debris dams, meanders, pool-riffle sequences, 
and overbank flooding (reported in Harper, 1996). The temporal study of phosphorus 
dynamics in the River Wey (section 2.3.4) demonstrated that seasonal flow patterns in 
rivers could change quantities of sediment nutrients through scour and fill processes 
(House and Denison, 1998). It was concluded that phosphorus accumulated during low 
flow periods and was lost through scouring during higher flow, Also there was no 
systematic change in phosphorus content along a reach of river (-9km) (House and 
Denison, 1998). 
Streams will have less ability to buffer nutrient inputs than wetlands, as the storage 
component in wetlands is larger relative to throughflow (Howard-Williams, 1985) but could 
be expected to tolerate greater quantities of nutrients than lakes due to the open nature 
of flowing water systems. In the Pembina River, Canada, water column SRP did not differ 
between three sites with different sediments, yet there were significant differences in 
sediment chemistry between the sites; the authors concluded that river sediments had 
little impact on the water column (Chambers et aL, 1992). This may be an indication that 
the proposed equilibrium between sediments and water is operating over temporal scales 
greater than the three year period considered by this particular study. 
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2.5 Nitrogen Behaviour In Freshwater Systems 
Nitrogen is also a macronutrient, essential for plant growth but its behaviour in the 
environment is different to that of phosphorus. The nitrogen cycle is complex due to the 
numerous chemical states in which nitrogen exists, the importance of exchange with the 
atmospheric pools and the role of bacteria in transformations (Newbold, 1992). Nitrogen 
is far more soluble and mobile than phosphorus (Heathwaite et aL, 1996) and thus does 
not bind to the sediment. It is transformed from form to form rapidly, and distinct fractions 
are difficult to measure. Consequently, the behaviour of nitrogen in sediments is less well 
understood than that of phosphorus. 
Nitrogen is an integral component of many compounds required by primary producers, 
including amino acids, chlorophyll and enzymes (Brady, 1990). In plants, nitrogen is 
important in facilitating carbohydrate use and stimulates root, stem and leaf growth 
(Brady, 1990), hence deficiency is manifested through the yellowing of leaves and spindly 
growth. In contrast, in agricultural crops at least, excessive nitrogen supply leads to soft 
tissues of high water content susceptible to damage, and may result in potassium 
deficiency (Tootill, 1984). Nitrogen is absorbed by terrestrial plant roots as nitrate (NOY) 
or less frequently as ammonium (NH4+) or nitrite (N02') (Tootill, 1984). In certain 
situations, nitrogen may be limiting in freshwater environments, particularly where 
phosphorus is in plentiful supply. Additionally, nitrogen may be limiting in eutrophic 
shallow lakes where denitrification results in nitrogen loss; excess nitrogen is lost from the 
system in contrast to excess phosphorus, which becomes adsorbed onto the sediments 
and released later (Golterman, 1976). 
Due to the vital role of nitrogen and the possibility that it may limit primary production 
under certain conditions, it is important that an attempt is made to understand the 
sources, transformations and characteristics of nitrogen in running waters. Although, 
most attention has been focused on phosphorus limitation in freshwaters, studies of 
macrophyte nutritional ecology have indicated that nitrogen may limit the growth of these 
organisms (Barko et aL, 1991). This suggestion is based on the fact that SRP 
concentrations in interstitial waters are often high (Barko and Smart, 1986). However, 
ammonium-nitrogen pools in the interstitial water are buffered by smaller exchangeable 
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pools and thus the sediments are depleted of nitrogen more rapidly than phosphorus 
(Barko et aL, 1991). 
2.5.1 Sources of Nitrogen 
Nitrogen gas is the major constituent of the atmosphere, representing approximately 78% 
of air by volume. Consequently, the atmosphere plays an important role in the nitrogen 
cycle and the fixation of nitrogen gas by microbial organisms is a key process in the 
cycle. Most nitrogen in freshwaters has its origin in fixation of atmospheric molecular 
nitrogen by nitrogen fixing bacteria and algae in terrestrial soils and river sediments. 
Owing to its soluble nature, nitrogen compounds are more readily transported from 
terrestrial environments to streams than phosphorus. A certain amount of nitrogen is also 
cycled within the stream, released from the decay of macrophytes and other biotic 
material. Other sources include precipitation inputs (which may be significant), 
groundwater drainage and dry deposition of nitrogen compounds (Wetzel, 1983). There 
are, however, significant anthropogenic sources of nitrogen, such as nitrogen derived 
from the burning of fossil fuels, sewage effluent and the use of fertilisers (Begon et aL, 
1990). Agricultural practices including arable farming, intensive livestock production, 
forestry and fish farming are responsible for large quantities of nitrogen compounds 
entering streams. The source of nitrogen received by running waters will determine the 
form in which it is present. For example, in field experiments it was observed that over 
90% of total nitrogen in runoff from a grazed field was in the form of ammonium, in 
contrast runoff from lightly grazed land contained mainly organic nitrogen (Heathwaite 
and Johnes, 1996). 
2.5.2 Nitrogen Forms In Freshwater 
In freshwaters, nitrogen is found in a number of forms - as a dissolved gas (N2 and N20), 
dissolved inorganic nitrogen (DIN) (NOY, NOV NH4"), dissolved organic nitrogen (DON) 
and particulate organic nitrogen (PON) (Allan, 1995). The quantities of dissolved nitrogen 
gas in turbulent lakes is usually in equilibrium with the atmosphere (Wetzel, 1983) and 
this is likely to be true for flowing waters also. Relative proportions of DIN species in 
streams will depend upon the sources of nitrogen and the relative importance of 
processes responsible for nitrogen transformations. Nitrate is the most common form of 
inorganic nitrogen entering freshwaters and is the end result of the nitrification process. 
66 
However, it may be lost to the atmosphere as nitrogen gas during denitrification. It is the 
nitrogen species most commonly and extensively monitored in river systems. Nitrite is 
usually present in very low concentrations in natural situations as it is an intermediate 
stage in denitrification. Ammonia is primarily present in the form of NH4+ ions and, in 
aerobic conditions, concentrations tend to be low as a result of biotic uptake and the 
process of nitrification (Wetzel, 1983). Ammonia derives from the decomposition of 
proteins and other organic compounds. In many freshwaters, in excess of 50% of the 
total soluble nitrogen may be DON which is comprised of amino acids, urea and uric 
acids and refractory humic compounds with a low nitrogen content. The relative 
proportion of DON in lakes and streams is greater than that of PON and the ratio of 
DOMPON may be between 5: 1 and 10: 1 (Wetzel, 1983). 
The dynamics of nitrogen are complex and are influenced by the action of bacteria, thus 
nitrogen is subject to fairly rapid transformations within streams, As nitrogen is more 
soluble than phosphorus, it is less associated with sediment particles and therefore less 
of the total nitrogen flux in streams is associated with sediment transport. Studies on four 
English rivers (the Severn, Avon, Exe and Daft) indicated that the total nitrogen flux was 
between 18.7 and 35 kg ha-1 yr-I and that total particulate nitrogen only accounted for 
3.3-8% of this total flux (Walling et aL, 1997). This particulate nitrogen was predominantly 
organic in form (Russell et aL, 1998). However, work on the Windrush indicated that the 
adsorption of ammonium ions onto sediment particles and transfer via runoff may be an 
important source of nutrient enrichment (Heathwaite and Johnes, 1996). 
(Heathwaite and Johnes, 1996) also considered the temporal variations in the 
concentrations of various nitrogen species within the Windrush and found each species to 
have strong seasonal patterns. Nitrate-nitrogen and nitrite-nitrogen were highly correlated 
with discharge displaying winter and summer maximums (due to low dissolved oxygen 
levels), respectively. In contrast dissolved inorganic ammonium displayed two maxima, 
one correlated with the nitrite-nitrogen peak and the other during winter associated with 
the peak in suspended sediment load. 
67 
2.5.3 Nitrogen In Freshwater Sediments 
Due to its propensity to change form and the fact that nitrogen is soluble in water to a 
greater degree than phosphorus, little is known about the forms and cycling of nitrogen in 
river and lake sediments. Nitrogen does not bind to sediment surfaces in the same 
manner as phosphorus, and therefore it is more free to move in and out of solution. Much 
of the dynamics of nitrogen are controlled by the activity of microbial organisms and the 
nitrification and denitrification process. It is likely, bearing in mind the solubility of 
nitrogen, that the majority of sediment nitrogen is present, at least temporarily, in the 
interstitial water. Arshad et aL (1988) found that most of this interstitial nitrogen was 
ammonium. However, this may be due to the microbial breakdown of nitrogenous 
compounds. The interstitial water nitrogen concentration is usually much higher than the 
concentration of the overlying water (Keeney, 1973). 
A review of literature dealing with nitrogen accumulation in sediments indicated that, 
generally, most sediment nitrogen (>90%) is organic (Martinova, 1993). However, the 
predominant forms will depend on the trophic level of the system (Martinova, 1993), the 
organic matter content of the sediments, microbial action and the pH of the system as, in 
acidic environments, nitrate is the predominant form of nitrogen in soils and sediments 
whereas, in alkaline environments, the dominant nitrogen form will be ammonium bound 
to particles through cation exchange (Heathwaite et aL, 1996). The organic nitrogen in 
sediments has its source in settled organic matter and most known amino acids are 
present in sediments; the inorganic forms accumulate in the sediment as adsorbed 
nitrogen and nitrogen fixed within the clay lattice (Martinova, 1993). There may also be a 
relationship between total nitrogen concentration and depth within sediments; total 
nitrogen concentrations declined with increasing depth below the sediment surface (to a 
maximum depth of 15cm) in watercress beds in a New Zealand stream (Howard-Williams 
et aL, 1982). Butturini and Sabater (1999) also found a lack of ammonium at depth in the 
sediment and suggested that it was rapidly taken up by the surficial sediments. Nitrogen 
chemistry in the sediment will largely be determined by microbial actions which govern 
denitrification and nitrification processes (Keeney, 1973). 
The dynamic nature of nitrogen in freshwaters and sediments means that it is difficult to 
determine particular fractions within the sediment. Therefore, many studies have 
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concentrated on total nitrogen. Bonetto et aL (1988) attempted to develop a fractionation 
scheme for soils in rice fields to identify bioavailable nitrogen. NaOH and H2SO4 were 
used as extractants for the alkaline and acid extractions respectively. The proposed 
extraction failed to meet the criteria laid down by the authors. The work highlighted that 
rice does not obtain all required nitrogen from one well-defined chemical fraction, and 
concluded that nitrogen occurs in the soil as many different compounds which are much 
less well defined than those for phosphorus. This suggests that a sequential fractionation 
approach to nitrogen compounds is inappropriate and measures of total, total inorganic or 
total organic nitrogen may be more instructive. 
2.5.4 Cycling and Retention of Nitrogen 
The cycling of nitrogen within freshwaters differs to that of phosphorus due to the role of 
biological ly-mediated interactions with the gas phase (Howard-Williams, 1985). There are 
five processes involved in nitrogen cycling: nitrogen fixation, nitrification, denitrification, 
ammonification/mobilisation, and assimilation. Understanding the cycling and macrophyte 
uptake of nitrogen within rivers and river sediments requires knowledge of these 
processes and the factors that control them. 
Nitrogen fixation is the process by which atmospheric nitrogen gas (N2 and N20) is 
incorporated into the biotic component of ecosystems through the actions of microbial 
organisms and algae. Nitrogen fixation and the assimilation of DIN are processes which 
provide organisms with nitrogen for structural synthesis (Allan, 1995). Ammonium is 
assimilated by autotrophs, bacteria and fungi preferentially over nitrate and nitrite. 
Consequently processes regulating the proportion of nitrogen present as ammonium are 
important in overall ecosystem functioning. Fixation is a process by which ammonium 
becomes available, in contrast, denitrification results in the loss of ammonium as it is 
converted to nitrate. Nitrogen fixation is the major natural source of nitrogen in terrestrial 
soils but fixation in streams and lakes is of less importance unless there is a shortage of 
inorganic nitrogen (Wetzel, 1983). In freshwaters nitrogen fixation by blue-green algae is 
more important than nitrogen fixation by other bacteria, although this latter process is 
important in wetlands and may provide an external source of nitrogen for streams 
(Wetzel, 1983). 
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The processes of nitrification and denitrification are important components of the nitrogen 
cycle and are vital steps in releasing nitrogen from the sediment to the overlying water 
column. Nitrification occurs in well oxygenated conditions, and as such is likely to be a 
dominant process in well oxygenated river gravels. It involves the oxidation of ammonia 
to nitrate via nitrite by the action of nitrifying bacteria. Nitrosomonas and Nitrobacter are 
the dominant genera responsible for the oxidation of ammonia to nitrite and the nitrite to 
nitrate step, respectively (Wetzel, 1983). Although ammonia is the preferred from of 
nitrogen for macrophyte uptake, this nitrogen is not completely lost as plants and bacteria 
can utilise nitrate in reductive nitrogen assimilation (Forsberg, 1989). In low oxygen 
sediments, ammonia may diffuse to the overlying water where nitrification may take 
place. Alternatively, if electron acceptors are available to denitrifying bacteria, 
denitrification may take place. 
Denitrification describes the microbially-induced transformation of nitrate to nitrite and 
then to nitrogen gas (N2 or N20), this represents a nitrogen loss which is compensated for 
by nitrogen fixation. Denitrifying bacteria use nitrate as an electron acceptor to oxidise 
organic matter anaerobically. The process requires nitrogen available as nitrate, 
anaerobic or near anaerobic conditions, and the presence of read ily-deg radable organic 
matter (Faafeng and Roseth, 1993). Denitrification occurs only where reduced carbon or 
sulphur compounds are present (Forsberg, 1989) and in anaerobic conditions, and thus 
may occur at depth in river sediments. As these conditions do not favour nitrification, 
ammonia may accumulate in these zones (Allan, 1995). The denitrification process is 
strongly influenced by temperature, oxygen and nitrate concentrations and the rate of 
denitrification will increase with increases in organic matter production (Minzoni et aL, 
1988). However, in spite of the well-documented relationship between denitrification rates 
and temperature, denitrification was significant at temperatures as low as 511C in nitrate- 
amended sediment cores incubated in a laboratory study (Terry and Nelson, 1975). 
Measurements of denitrification in 31 rivers in the north-east of England found 
denitrification rates of 0.005 to 260 +/-11 nmol N g-I dry weight W (although 90% of 
sediments had rates lower than 40 nmol N g-I dry weight V) and showed that these rates 
were strongly and positively related to the water content of sediments, % carbon and 
nitrogen of sediments, % of sediment particles <100ýtm, and river water conductivity, 
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alkalinity, nitrate and phosphate (Garcia-Ruiz et aL, 1998). A multiple regression 
indicated that 64% of the variation in denitrification rates could be explained by the nitrate 
concentration of the water and the water content of the sediments. A similar study of 
nitrate losses in West Duffin Creek, Canada, measured losses of 0.5-24kg N d-I in three 
adjacent reaches (Hill, 1988). The study found a significant inverse correlation between 
the rate of nitrate loss and stream discharge, and a rapid exponential decline in 
denitrification with increasing nitrogen inputs. This decline in nitrate removal efficiency 
was attributed to an increase in the ratio of water volume to stream bed area. Losses -of 
nitrogen from the aquatic system can also occur through the volatilisation of ammonia or 
by evolution of N20 as an intermediate in denitrification or during nitrification (under 
certain conditions) (Howard-Williams, 1985). 
Vegetation of streams, lakes and wetlands may also play an important role in regulating 
the dynamics of nitrogen, and assimilation of nitrogen by vegetation may be more 
important than microbial processes. In a New Zealand stream dominated by 
macrophytes, uptake by plants was calculated to be 900-1500 mg N M-2 per day, in 
contrast denitrification rates were just 11-80mg N m-2 per day (Howard-Williams and 
Downes, 1984 reported in Howard-Williams (1985), although the macrophyte uptake 
represents a temporary store of nitrogen whilst denitrification represents a loss. House 
and Denison (1998) also found a loss of nitrate from the water column of the River Wey 
during summer months as a result of denitrification and macrophyte uptake. A series of 
field and channel experiments in which nitrate was continually added to stream water 
indicated that removal of nitrate was positively related to the initial concentration and the 
fastest decline in nitrate levels was observed when vegetation was well developed 
(Faafeng and Roseth, 1993). It was found that total nitrogen decreased in parallel to 
nitrate/nitrite, suggesting that denitrification or assimilation by primary producers were 
responsible for the observed decline in nitrate concentrations. The authors concluded 
that macrophytes played an important role in providing organic matter, increasing the wet 
surface area for biofilms, and trapping organic sediment. 
The final reaction in the aquatic nitrogen cycle is that of ammonification or mineralisation 
by which nitrogen from organic material is converted to an ammoniacal form by the action 
of microbial decomposition. This process will occur in both the sediment and water 
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column and can result in rapid cycling between the two media (Heathwaite, 1993). Thus, 
the quantities and nature of organic matter within freshwater systems will be of great 
importance in regulating the nitrogen cycle, 
Much of the nitrogen in sediments is present in forms that are not available for biotic 
uptake and, consequently, the transformations of sedimentary nitrogen are important 
controls on nitrogen availability to organisms. The turnover of ammonium is faster in the 
water column than in the sediments, whilst for nitrate the opposite is true (Wetzel, 1983). 
A series of sequential processes are involved in the transport of nitrogen from the 
sediment. Initially, ammonification must occur and then the ammonium produced diffuses 
to the water column. Soluble organic nitrogen may also diffuse to the water column from 
interstitial water pools and ammonification may occur within the water column (Reddy et 
aL, 1988). The mobility of sediment nitrogen will be influenced by the sediment 
concentrations of ammonium as, when this concentration falls, the concentration gradient 
is reduced (Reddy et aL, 1988). In flowing waters, this concentration gradient will be 
maintained, and thus transfers from sediment to the water column may be faster and 
more significant than in standing waters. However, aerated water overlying anaerobic 
sediments will limit nitrogen release from the sediments (Heathwaite, 1993), and so 
oxygenated streams may have lower sediment denitrification rates. Clearly, the influence 
of flow upon the nitrogen cycle may have a number of outcomes, and it is difficult to 
extrapolate the understanding gained in standing water systems to rivers and streams. 
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PART 11 
2.6 Introduction to Macro phyte-Sedime nt Interactions 
Rooted macrophytes within aquatic systems evidently have the potential to play a role in 
both water column and sediment processes and may function as a link between the two 
media. The overall importance of rooted macrophyte vegetation to ecosystem functioning 
will vary depending on the nature of the system. In deep lakes, the lower reaches of large 
rivers and watercourses with steep gradients, macrophytes will be restricted to the 
margins and will therefore have a limited role in the nutrient dynamics of these systems 
as a whole. In contrast, in shallow, lowland streams, where the photic zone extends to the 
riverbed, macrophyte growth may be abundant and may be able to grow throughout the 
channel width (see Section 1.0). In these situations, macrophytes will play a key role in 
nutrient dynamics and other ecosystem processes through the uptake and release of 
nutrients as well as the alteration of flow and sediment dynamics. 
The following sections consider the relationships between macrophytes and sediments in 
lowland streams and the influence of macrophytes upon many of the nutrient-related 
processes outlined in Part I of this chapter. The importance of sediments as a source of 
phosphorus and nitrogen for submerged, rooted macrophytes is discussed. This is 
followed by a review of work that has considered the role of sediment as a habitat for 
macrophytes and competition for sediment resources. Finally, the interactions between 
macrophytes, sediments and water flow are considered. 
2.6.1 Environmental Factors Controlling Macrophyte Distributions 
Numerous studies in the field of macrophyte ecology have considered the influence of 
one or more environmental factors on the species composition of macrophyte 
communities in a variety of habitats. Much of the early work was concerned with 
describing the distribution of plants in lakes (Pearsall, 1920) and rivers (Butcher, 1933) 
with respect to certain abiotic factors: water chemistry, light attenuation, temperature, 
sediments and flow. Later work on riverine macrophyte communities further considered 
these factors (Haslam, 1978) and the distribution of macrophytes at a European scale 
(Haslam, 1987). Spence (1967) considered the vegetation of Scottish lochs in a similar 
way. Additionally, a survey of over 1000 sites on British rivers resulted in a classification 
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of rivers into 16 broad types based on vegetation communities in which each type was 
distinct in terms of physical characteristics, such as source altitude and catchment 
geology (Holmes, 1983; Holmes, 1989). This classification has recently been updated 
(Holmes et aL, 1998) and a similar vegetation-based classification scheme was 
developed for British lakes (Palmer et aL, 1992). 
A great deal of research has been undertaken with the development of bioindication 
methods in mind (see Chapter One) using multivariate analysis to consider the dominant 
factors controlling macrophyte distributions (cf. Wiegleb, 1981; Carbiener et aL, 1990; 
GrasmOck et aL, 1995; Robach et aL, 1996; Spink et aL, 1997). Relationships between 
solute concentrations in lake waters and macrophyte distributions have been described 
(Seddon, 1972; Canfield et aL, 1983) and similar water chemistry-macrophyte 
associations have been described for running water systems (Casey and Downing, 1976; 
Harding, 1981; Holmes and Newbold, 1984; Newbold and Holmes, 1987). Other research 
has considered the influence of specific factors upon macrophyte communities. Examples 
of this research are briefly discussed below. 
The distribution of macrophytes in North American lakes has been related to water 
temperature, with the conclusion that temperature may have an indirect effect on plants 
through water chemistry (Pip, 1989). Enrichment experiments have shown that Elodea 
canadensis and Callitriche cophocarpa growth may be limited by inorganic carbon 
availability in some lakes (Vadstrup and Madsen, 1995). Shade has also been 
demonstrated to be an important factor with the photosynthetic rates of different species 
affected to different degrees by increasing shade (Madsen et aL, 1991). Similarly, 
standing crops of macrophytes in Florida streams were believed to be primarily limited by 
light availability when nutrient concentrations were shown to be higher than required for 
macrophyte growth (Canfield and Hoyer, 1988). Dawson (1976) demonstrated that the 
biomass of Ranunculus penicillatus var. calcareus was inversely related to water depth. 
The effect of herbivory upon macrophyte growth has also been considered (Lodge, 1991; 
Jacobsen and Sand-Jensen, 1992; Sand-Jensen et al., 1994), including indirect 
beneficial effects through the suppression of epiphytic algae (Kauki, 1991; Underwood, 
1991). Additionally, the effect of human-mediated disturbance has also been researched 
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- the effects of boat traffic in canals (Murphy and Eaton, 1983) and the downstream 
effect of impoundments (Bernez and Haury, 1996). 
Other approaches to studying the distribution of macrophytes in relation to the 
environment have considered the morphology and life strategy of the macrophytes 
themselves. The life strategy approach to studying vegetation was developed for 
terrestrial vegetation (cf. Grime, 1979), but has recently been applied to aquatic 
vegetation. In a simulation study, Duarte and Roff (1991) considered biomass density and 
maximum height of submerged macrophyte species together with key life history 
attributes to be important in restricting the distribution and abundance of species, Kautsky 
(1988) and Murphy et aL (1990) have also investigated macrophyte strategies in lake 
environments. The strategy approach has also been employed in the study of 
environmental regulation of the Batrachian Ranunculus subgenus in rivers (Spink, 1992). 
The influence of sediment upon macrophyte distribution and community composition has 
frequently been included as one of a number of environmental variables in multivarlate 
analyses and was considered in the early studies of Pearsall (1920) and Butcher (1933). 
A number of these studies have found substrate characteristics to be of importance in 
determining macrophyte community composition. Pearsall (1920) concluded that the 
nature of the substratum was the primary control on the distribution of aquatic plants in 
the lakes of the English Lake District and that plant succession was accompanied by 
changes in the substratum through increasing organic matter content. Although Butcher 
(1933) considered current velocity as the most important factor in determining the 
macrophyte vegetation of British rivers given similar chemical and physical conditions, 
once he had classified rivers according to their source, further subdivisions were made on 
the basis of the substratum and the water chemistry composition from acidic through to 
highly calcareous streams. Additionally, two vegetation types were recognised within 
rivers; silted and non-silted communities, distinguished by flow type and underlying 
substrate (Butcher, 1933). Haslam (1978) also considered substrate, along with flow, 
river channel geometry and drainage order, as the most important physical variables and 
the availability of light, nutrients and dissolved gases as other important controlling 
factors in riverine macrophyte communities. Ordination of macrophyte community data 
from the regulated water bodies (Ali et aL, 1995) and the River Nile (Ali and Soltan, 
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1996) (both in Egypt) indicated that sediment calcium, magnesium and organic matter 
content, and sediment calcium and phosphate content were most important in 
determining community variation, respectively. Thus, there is some evidence that 
sediments may be an important controlling factor in macrophyte ecology. The importance 
of sediment nutrients and the physical structure of sediments is further considered in the 
following sections. 
2.7 Sediments as a Source of Nutrients for Macrophytes 
Schemes using macrophytes as indicators of nutrient enrichment have so far focused 
largely on the influence of the nutrients in the water column on macrophyte communities 
(see Chapter One). This is largely a consequence of either the view that the nutrient 
concentrations of sediments and the overlying water column are in a state of equilibrium 
(Section 2.4) or the classical view that the primary function of roots in submerged aquatic 
macrophytes is to anchor the plants in the sediment (Agami and Waisel, 1986). The 
future application of macrophytes as tools for the biological assessment of eutrophication 
requires that the role of sediment concentrations of nutrients is considered whether 
directly, or indirectly through the relationship with water column concentrations. 
The question of whether macrophytes obtain nutrients from the water column, via shoot 
uptake, or from the sediment, via root uptake, has been the subject of numerous studies 
which have adopted two distinct approaches. Studies in the laboratory and those 
undertaken in field situations have both produced a variety of results but little conclusive 
evidence. A review of the literature suggests that it may not be possible to reach a 
definitive answer that is generally applicable to all species, environments or conditions. 
2.7.1 Early Experiments to Determine Root versus Shoot Nutrient Uptake 
Early work on aquatic macrophytes noted considerable vascular reduction in rooted 
species and suggested that, as this would result in a limited capacity for solute movement 
from roots to other parts of the plant, thus shoot uptake of nutrients from the water 
column occurred (cf. Olsen, 1953; Sutcliffe, 1959; Seddon, 1972). This view was 
supported by the observation that the roots of submerged macrophytes were reduced, 
accounting for 10% or less of plant biomass in comparison to 20-40% for herbaceous 
terrestrial species (Agami and Waisel, 1986). Sculthorpe (1967), in his seminal work on 
76 
aquatic vascular plants, judged that there was no doubt that emergent hydrophytes 
obtained water and dissolved nutrients primarily from the substrate via their roots but that 
there was considerable controversy regarding the source of water and nutrients for 
submerged and floating-leaved species. Experimental work demonstrating that rooted 
species could be grown in solutions without their roots (Agami and Waisel, 1986), and 
that there was free ion movement between the leaves and shoots of submerged plants 
and the surrounding water, led many to conclude that uptake of water and nutrients by 
roots does not occur (Sculthorpe, 1967). This view was further promoted by the fact that 
many submerged and floating-leaved plants were observed to lack or have few root hairs, 
have a rudimentary root system and show vascular reduction. It was felt that these 
morphological features, which were perceived to be typical of such plants, would severely 
impair the ability of the plants to absorb water or nutrient via roots -a conclusion disputed 
by Sculthorpe (1967). 
Amongst the earliest laboratory experiments were those of Pond (1905) who found 
Potamogeton perfoliatus, Elodea canadensis and, to a lesser degree, Myriophyllum 
exalbescens plants grew better on natural sediments than on sand when grown in tap 
water or lake water. Hutchinson (1975) presents a review of early solute uptake 
experiments from European literature indicating that phosphorus uptake may be 
dependent on the presence of sulphate; that the effect of light on phosphorus uptake was 
dependent on water temperature; and that, although Callitfiche intermedia was better at 
taking up phosphorus than Ranunculus fluitans at high phosphorus concentrations, both 
species performed the same when phosphorus was present in low concentrations. 
2.7.2 Two-Chamber and Labelled Isotope Experiments 
Later laboratory experiments used two-chamber designs where the sediment and water 
in which plants are grown are isolated to enable the source of nutrient to be established. 
Best and Mantai (1978) ran a series of such experiments with the rooted species 
Myriophyllum spicatum and the free-floating Ceratophyllum demersum. Growing 
Ceratophyllum in water with high nitrogen and phosphorus resulted in higher tissue 
concentrations of nitrogen than water enriched with nitrogen only, this was taken to 
indicate a synergistic effect between nitrogen and phosphorus (Best and Mantai, 1978). 
There was evidence of this synergistic effect when Myriophyllum was grown on sand and 
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sediment as, when any one nutrient was deficient in the water column, tissue nitrogen 
was lower than when the solution contained both nitrogen and phosphorus. However, 
sediment-grown plants always had higher tissue phosphorus concentrations than sand- 
grown plants, suggesting phosphorus uptake was independent of nitrogen availability 
(Best and Mantai, 1978). Simple experiments looking at the growth of Potamogeton 
pectinatus at different concentrations of bicarbonate, phosphate and nitrate found that 
bicarbonate could be taken only by the plant shoots but that phosphate and nitrate could 
be obtained via shoots and roots (Van Wijk, 1989b). 
Several workers have utilised the radioactive isotope of phosphorus (32P) to track the 
movement of phosphorus in two chamber experiments. Myriophyllum spicatum and 
Hydrilla verticillata grown in sediment labelled with 32P indicated that sediments were the 
primary source of phosphorus when water concentrations were low. However, when 
water concentrations of phosphorus were high (2jig P ml-1) uptake was from the water 
and the plant roots were unable to directly take up the phosphorus adsorbed to the 
sediment (Bole and Allan, 1978). Similar experiments with Egeria densa, Myriophyllum 
spicatum, Potamogeton crispus and Ranunculds circinatus resulted in phosphorus uptake 
by both roots and shoots but with higher uptakes out of aqueous solutions than the 
sediments (Waisel et aL, 1990). Other 32P experiments have revealed both foliar and root 
uptake but with root uptake being more important under dark conditions (Gabrielson et 
aL, 1984) and four species taking most phosphorus from the interstitial water rather than 
that bound to the sediment (Waisel et aL, 1990). A stream microcosm study using 32P 
indicated that epiphytes took up water column phosphorus more rapidly than the 
macrophytes upon which they grew and that, although the macrophytes took phosphorus 
from both water and sediment, the former source was more important (Pelton et aL, 
1998). 
Two-chamber labelling experiments have also been applied to nitrogen with the isotope 
15N (cf. Nichols and Keeney, 1976). Experiments growing Eichomia crassipes plants in 
water over Lake Apopka sediment columns containing 15N indicated that the plants 
assimilated nitrogen at a rate of 42-124mg N M-2 d-I and a proportion of this nitrogen was 
derived from the sediment (48% initially falling to 14% with an average over the 183 days 
of 25%) (Reddy et al., 1988). However, 79% of the total nitrogen assimilated by the plants 
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was from sources other than the 15N in the sediments. The authors concluded that plant 
uptake was a major sink of nitrogen. 
Recognising that most previous work had focused on phosphorus, Barko and Smart 
(1981) grew four species on three sediment types with varying concentrations of nitrogen, 
phosphorus and potassium and looked at tissue concentrations of each element. Species 
differences in uptakes were observed, and whilst nitrogen and phosphorus 
concentrations in tissues increased or remained the same, potassium concentrations 
declined significantly over time, suggesting potassium limitation (Barko and Smart, 1981). 
The authors suggested that, as it is abundant in many waters, potassium may be 
obtained from the water column rather than the sediment. Elodea nuttal/I grown in 
sediment cores enriched with nitrogen, phosphorus and potassium in various 
combinations resulted in significantly enhanced growth with fertilisation by nitrogen; 
nitrogen and phosphorus; and nitrogen, phosphorus and potassium (Best et al., 1996). 
Additionally, elevated tissue concentrations of nitrogen indicated some luxury 
consumption (uptake beyond that required for growth) of the element (Best et al., 1996). 
These studies considering nitrogen and potassium have both suggested that there may 
be competition for exchange sites between K and NI-14 ions as both have the same ionic 
charge and very similar atomic radii (Barko and Smart, 1981; Best et al., 1996). 
Similar laboratory experiments have been used to investigate the influence of other 
factors on nutrient uptake from the sediment. Hydrilla, verticillata was grown on 
previously-planted and previously-un planted sediments to look at depletion of nutrients; in 
plants grown on planted sediment total biomass was a third; the root: shoot ratio was 2.5 
times greater; and tissue concentrations of nitrogen, phosphorus and potassium were 26, 
26 and 38%, respectively, of concentrations in plants grown on unplanted sediments 
(Barko et aL, 1988). Organic matter in the sediment has been shown to inhibit growth at 
levels greater than 5% organic matter, although the inhibitory effect also depends on the 
type of organic matter (Barko and Smart, 1983). It is suggested that the effect upon 
plants is the result of a high concentration of soluble organic compounds in the interstitial 
water derived from the breakdown of the organic matter. The decomposition of the 
material will lead to reduced conditions in which phosphorus will be immobilised, and 
soluble organic compounds may also be phytotoxic (Barko and Smart, 1983). The pH of 
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the water body may also affect uptake of nutrients as species from nitrogen poor acidic 
waters were found to take up nitrogen via their roots in the form of nitrate in contrast to 
species characteristic of nitrogen-enriched acid waters which took nitrogen via their 
shoots as ammonium (Schuurkes et aL, 1986). Titus and Andorfer (1996) considered the 
effect Of C02 enrichment on nitrogen uptake and found that enrichment at pH 5 yielded 
higher tissue concentrations of aluminium, iron and nitrogen. 
Two-chamber laboratory experiments have suggested that many submerged 
macrophytes are able to obtain necessary nutrients and minerals from both the water and 
sediment. However, often the results raise more questions than they answer and few 
studies produce unequivocal conclusions. Denny (1980) reviewed a number of studies 
investigating solute movement in submerged macrophytes and was critical of the two 
chamber laboratory experiments arguing that seals between water and sediment were 
insufficient to guarantee against leakage and that algal growth in cultures may negate 
results. There are also problems in extrapolating results gained in the laboratory to field 
situations, so many studies have used in situ experiments to investigate the problem. 
2.7.3 In situ Experiments to Determine the Nutrient Source for Macrophytes 
In SjtU 32P experiments on at the role of lake water phosphorus concentration on 
phosphorus uptake from sediments (Carignan and Kalff, 1980) showed that submerged 
macrophytes in oligotrophic waters took phosphorus exclusively from the substrate and, 
even in waters with SRP concentrations of 167mg/l, over 70% of phosphorus in 
macrophyte tissue was derived from the sediment. The experiment used three species 
with morphological differences yet all species had very similar uptakes from the sediment 
(Carignan and Kalff, 1980). This contrasts with the observation that when three 
Potamogeton species, Ceratophyllum demersum, Hydrilla verticillata and Vallisneria 
aethlopica were grown on sediment or sand in artificial ponds, different species 
responded differently, although in general growth rate was greatest on sediment (Denny, 
1972). Denny (1980) attributed the differing species responses to morphological 
differences and proposed a continuum of species from those depending entirely on the 
water for nutrients to those completely dependent on the sediment. However, Agami and 
Waisel (1986) suggested that rates of phosphorus uptake from the sediment by plants 
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would be more a function of the phosphorus chemistry and less a result of the 
characteristics of the absorbing organ. 
Rattray et aL (1991) obtained results which, like those of Carignan and Kalff (1980), 
suggested the site of nutrient uptake was controlled by water column concentrations. 
Two species, Lagarosiphon major and Myriophyllum triphyllum, were grown in lakes 
Taupo (oligotrophic) and Rotorua (eutrophic) on sediments from both lakes. In Taupo, 
growth and tissue phosphorus concentrations were highest on the more fertile Rotorua 
sediments, indicating that sediments were the primary nutrient source. Tissue 
concentrations of nitrogen were not found to be related to substrate. However, plants 
grown in lake Rotorua had, irrespective of sediment, significantly higher tissue 
concentrations of nitrogen and phosphorus than plants from Taupo as, in the eutrophic 
lake, both sediments and water were sources for nutrients (Rattray et al., 1991). 
In support of the case for sediments as the primary nutrient source, species grown in 
Lake Memphremagog, Canada, on three sediments and at three water depths attained 
their highest biomass on the most fertile sediments at the lowest depth (Chambers and 
Kalff, 1987). On fertile sediments, biomass declined with increasing depth. However, no 
such depth dependence was exhibited by plants growing on infertile sediments. This 
suggests light availability became important only once plants had sufficient nutrients. The 
biomass of the species were separated along irradiance gradients in a hierarchy 
consistent with growth forms (Chambers and Kalff, 1987). This is accordant with Denny's 
concept (1980) of a continuum of species with differing response to the environment. An 
investigation into relationships between macrophyte biomass and sediment phosphorus, 
nitrogen and potassium concentrations in ten Canadian lakes, found that sediment 
potassium concentration was the only sediment variable related to plant biomass 
(Anderson and Kalff, 1988). 
2.7.4 Nutrient Sources for Macrophytes In Flowing Waters 
Theoretically, there are good reasons for expecting macrophytes of flowing water 
systems to rely largely on the water column for their nutrients. Sediments in rivers are 
coarser than lake sediments and thus will have a reduced capacity for nutrient retention. 
Flowing water also ensures continual replacement of water and associated solutes, 
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reducing the likelihood of localised depletion of nutrients. However, most studies have 
failed to discover a correlation between open water nutrient concentrations and biomass 
or tissue concentrations (Chambers et aL, 1989). Furthermore, a species-environment 
ordination of British riverine macrophyte community data found that sediment nitrogen 
and phosphorus concentrations were more important than concentrations of the two 
elements in the water column (Spink et aL, 1997). 
There are few examples of studies investigating the role of sediment nutrients in flowing 
waters. However, some results do suggest that sediment nutrients may be of importance. 
Biomass and shoot density of Potamogeton crispus grown in the South Saskatchewan 
River, Canada, were consistently greater in high-nutrient sediments than low-nutrient 
sediments regardless of water column character (Chambers et aL, 1989). Similarly, 
observations in the river indicated that macrophyte biomass and sediment phosphorus 
were log-linearly related (though sediment nitrogen did not display this relationship) (Carr 
and Chambers, 1998). Nutrient addition experiments in artificial streams confirmed the 
results with Potamogeton pectinatus biomass (at time of harvesting) being greatest on 
sediments enriched with nitrogen and phosphorus, and increasing with phosphorus 
concentration (Carr and Chambers, 1998). In contrast, relationships between the 
sediment, water and plant tissue phosphorus concentrations of Elodea nuffalfil, Elodea 
canadensis and Callitriche obtusangula growing in flowing waters in the Rhine floodplain 
indicated that the plants were more effective in obtaining phosphorus from the water 
rather than sediment (Robach et aL, 1995), Studies of macrophyte standing crop, 
sediment, water and tissue concentrations of nitrogen, phosphorus and potassium in 19 
Mid-Jutland streams in Denmark found no correlation between maximum standing crop 
and water concentrations of phosphate, nitrate or potassium, or between tissue 
concentrations and sediment concentrations of these nutrients. However, there was a 
correlation between tissue concentrations and water concentrations suggesting stream 
water was the main source of nutrients for the macrophytes (Kem-Hansen and Dawson, 
1978). 
2.7.5 Summary and Conclusions on the Source of Nutrients for Macrophytes 
Laboratory and in situ experiments both indicate that rooted submerged macrophytes 
obtain nutrients from both sediment and water. It is difficult to draw firm conclusions from 
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the literature because the wide variations in species and techniques employed prevent 
direct comparisons between studies. A review of the role of sediments in community 
dynamics and macrophyte growth Barko et at (1991) concluded that sediment was the 
primary source of nitrogen, phosphorus, iron, manganese and micronutrient uptake 
whereas calcium, magnesium, sodium, potassium, sulphate and chloride were obtained 
from the water. This is evidently in conflict with studies that have found that sediment 
nitrogen does not correlate with measures of plant uptake (cf. Carr and Chambers, 1998). 
Despite the obvious problems in reaching a definitive conclusion regarding the source of 
nitrogen and phosphorus, the experiments have discovered a number of interesting 
aspects to nutrient uptake and some general conclusions can be made. 
Evidence suggests that sites of nitrogen and phosphorus absorption depend on a variety 
of factors including: morphology (therefore species and phenotypes may differ in 
response) (Denny, 1972); relative concentrations in water and sediment (Carignan and 
Kalff, 1980; Rattray et aL, 1991); presence and type of organic matter (Barko and Smart, 
1983); water column pH (Schuurkes et aL, 1986); and sediment density (Barko et aL, 
1991, see also Section 2.8.1). Macrophytes may also undergo morphological adaptations 
in response to sediment nutrient concentrations and induce changes in sediment 
affecting nutrient availability. Many results have indicated an increase in root: shoot ratio 
to compensate for poor sediment fertility by increasing the root uptake area (Best and 
Mantai, 1978; Idestarn-Almquist and Kautsky, 1995). Additionally, macrophytes have the 
potential to alter the physical and chemical nature of the sediment in which they are 
rooted thus affecting the availability of sediment nutrients for uptake. This is further 
discussed in Section 2.9.4. 
The importance of sediment nutrient concentrations to rooted macrophytes will also 
depend on the relative concentrations in the sediment of nutrient forms that are available 
to plants for uptake and use. Little is known about the forms of sediment phosphorus that 
are available to macrophytes, though there have been a number of algal bioassay 
experiments which have considered the availability of sediment phosphorus to 
phytoplankton of the overlying water (cf. Golterman, 1976; Williams et al., 1980, see 
Chapter Three, Section 3.7.5). However, with respect to nitrogen compounds 
macrophytes are expected to take ammonium from the sediment in preference to nitrate 
83 
as plants need to expend energy to reduce the latter form of nitrogen (Agami and Waisel, 
1986). As ammonium concentrations are generally low in well-oxygenated waters (for 
example, most shallow flowing waters), the greatest pool of ammonium will be in 
anaerobic sediments (Agami and Waisel, 1986). This would support the view that 
sediments are the principal source of nitrogen (cf. Barko et aL, 1991). Studies have 
indicated that nitrogen limitation may be significant in macrophyte communities 
(McCreary, 1991) as nitrogen is depleted more rapidly from the sediment than 
phosphorus (Barko et aL, 1991). A temporal study of macrophyte-colonised and 
uncolonised sediments in Lake Memphremagog, Canada, provided evidence of this 
potential limitation; interstitial SRP concentrations varied less than ammonium 
concentrations, which the author suggested was due to phosphate being buffered by a 
larger exchangeable pool than ammonium (Carignan, 1985). 
In conclusion, the source of nutrients for submerged, rooted macrophytes has not been 
clearly defined despite considerable effort over almost 100 years. Sediments evidently 
have an important role in the nutrition of these plants but there are obvious species 
differences, and other environmental and biological factors will play a role in determining 
the principal source of nutrients. Furthermore, the availability of sediment nutrients also 
seems to be associated with changes in macrophyte community composition and other 
environmental factors, particularly river flow velocity. Research is thus needed if the 
preferences and tolerances of specific macrophytes to sediment character and 
composition are to be better understood. 
2.8 Sediment as a Habitat for Submerged Aquatic Macrophytes 
The ability of submerged aquatic macrophytes to obtain essential nutrients from the 
sediment in flowing water systems means that sediments have two roles in the ecology of 
riverine macrophytes: first, as a means of anchorage within the channel and, secondly, as 
a source of nutrients. In other words, sediment characteristics will represent one or more 
dimensions of the multi-dimensional niche of individual macrophyte species. Thus, it is 
reasonable to expect that different species (or at least groups of species) will express 
different preferences and tolerances to sediment conditions. The concept of sediments as 
a resource to macrophytes indicates that there is potential for interactions amongst both 
individual plants and species. This section considers the importance of physical 
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characteristics of sediment for macrophytes and the potential for competitive interactions 
between macrophytes for sediment resources. 
2.8.1 Sediment Density and Organic Matter Content 
Submerged rooted macrophytes may be expected to respond to the physical 
characteristics of the sediment in addition to the chemical characteristics, such as nutrient 
content. These physical characteristics, principally particle size, are often considered 
within the term sediment density (cf. Barko et aL, 1991; Wertz and Weisner, 1997). 
Particle size, sediment shape and density all play important roles in determining the 
chemistry and ecology of sediments (Maher et aL, 1999). Sediment density will determine 
the capacity of the sediment to retain nutrients (particularly, phosphorus) due to surface 
area effects; the porosity of the sediment and thus size of the interstitial water pool; and 
the ability of plants to root and anchor within the sediment, There is an inverse 
relationship between sediment particle size and sediment density. 
Haslam (1978) considered the role of sediment density and individual river plants 
associating classes of substrate with different plant species. The author suggested that 
there was an interactive effect between flow and substrate on macrophytes, and 
proposed the concepts of hydraulic resistance, the ability of plant shoots to resist the flow 
of water, and anchoring strength, the ability of a plant to hold itself within the sediment. 
The combination of hydraulic resistance and anchoring strength would determine a 
plant's susceptibility to velocity pull. Two rooting patterns were defined - long, deep roots 
suited to slow flows and short, curly roots found in species adapted to faster flows 
(Haslam, 1978). This simple classification of rooting patterns does not consider species 
with variable rooting depths or more than one root type. 
A number of studies have indicated a relationship between macrophyte species and 
sediment type (cf. Pearsall, 1920). A study of the macrophyte communities of seven 
regulated and seven unregulated streams in Denmark found that submerged species 
were associated with coarser sediments whilst amphibious and terrestrial species were 
associated with fine sediments (Baattrup-Pedersen and Riis, 1999). In the Pembina 
River, Canada, Potamogeton pectinatus plants were grown in buckets on three sediment 
types; plant biomass, shoot density and tissue nutrient concentrations were strongly 
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correlated with sediment type, although this was most likely a fertility effect (Chambers et 
aL, 1991). 
Barko et al. (1991) summarised the effect of sediment density and organic matter content 
in a review of sediment-macrophyte interaction studies. It was suggested that macrophyte 
growth declines with increasing organic matter content and showed a unimodal response 
to sediment density (as organic matter and sand have opposing effects on sediment 
density) with greatest growth on sediments with a density of 0.8-1.0 g ml-1 (Barko et al, 
1991). Macrophyte growth was reduced on low density organic sediments due to the long 
distances over which nutrients must diffuse (Barko et al., 1991). This reflected earlier 
work that had demonstrated that the presence of organic matter in the sediment could 
potentially limit nutrient uptake by macrophytes (Barko and Smart, 1983; Barko and 
Smart, 1986, see Section 2.7.2). These hypothetical relationships between plant growth 
and sediments were investigated through experiments with Myriophyllum spicatum and 
Potamogeton pectinatus by Wertz and Weisner (1997) who found no relationship 
between macrophyte biomass and sediment density, and no significant difference in the 
average growth of either species between sandy and non-sandy sediments. The 
experiments showed that the average Potamogeton pectinatus biomass was greatest on 
sediments with 20-30% organic matter; there was no such relationship for Myriophyllum 
spicatum plants (Wertz and Weisner, 1997). In practice, it is difficult to determine a 
sediment density effect upon macrophyte growth as density and fertility are intrinsically 
linked; therefore macrophytes may be expected to respond to a combination of both. 
2.8.2 Competition for Sediment Resources in Macrophyte Communities 
It has generally been accepted that competition plays a much less important role in 
riverine macrophyte communities than in terrestrial plant communities (Haslam, 1978). 
This view is supported by the observations that macrophytes seem to be largely 
influenced by abiotic factors, for example, shade, flow, water chemistry, sediment fertility 
(cf. Chambers and Kalff, 1987; Ali et aL, 1995; Robach et aL, 1996; Baattrup-Pedersen 
and Riis, 19 
' 
99). However, there are a few examples in the literature of competitive 
interactions between species and the potential for both inter- and intraspecific competition 
for resources. 
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In contrast to terrestrial plant ecology, relatively little work has been done on competitive 
interactions in macrophyte communities. The characterisation of interspecific versus 
intraspecific effects in submerged macrophyte communities remains neglected 
(McCreary, 1991); possibly due to the problems of excluding confounding factors. 
McCreary (1991) presents a review of competition studies in macrophyte ecology and 
describes four approaches - manipulative experiments, studies using tissue and sediment 
analyses to consider resource use patterns, relating observed patterns of species 
distribution to environmental gradients, and studies using morphological characteristics of 
plants to indicate likely limitation by resources. 
Manipulation experiments have been undertaken to investigate a variety of species 
interactions. For example, competition experiments set up in artificial recirculating 
streams indicated that, under increased phosphorus loading, Potamogeton pectinatus is 
a more competitive species than Ranunculus penicillatus subsp. pseudofluitans (Spink et 
aL, 1993). In an experiment with three emergent wetland species, neighbouring plants 
affected the establishment and survivorship of vegetative propagules in shallow water but 
there was no effect on the growth of established plants in either deep or shallow water 
(Wilson and Keddy, 1991). In one of the few studies looking at competition for sediment 
resources, Hydrilla verticillata and Vallisneria americana were grown together at various 
densities (19-112 plants M-2) in tanks with sediments of two levels of fertility (Van et aL, 
1999). Hydrilla was found to respond to increased nutrients to a greater degree than 
Vallisneria. However, the competitive outcome between the two species depended on the 
sediment fertility level. Vallisneria was a better competitor when nutrients were limited 
and Hydrilla was better when nutrients were elevated. This would suggest that Vallisneria 
was a more stress-tolerant species and that Hydrilla was a more competitive species. 
In field experiments, Sabbatini and Murphy (1996) investigated the response of Callitriche 
stagnalis and Potamogeton cripsus to shade and management practices (dredging and 
cutting) in English drainage ditches. Both species were considered to possess the same 
life strategy - competitive-disturbance tolerators, but manipulation experiments indicated 
that although Potamogeton crispus was more tolerant of shading, Callitriche stagnalis 
was the more competitive species. A study of carbon and light limitation upon Callitriche 
cophocarpa and Ranunculus peltatus plants indicated that the latter species was able to 
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use bicarbonate to avoid carbon limitation (Madsen and Maberly, 1991). This result would 
imply that Ranunculus peltatus would have the competitive advantage in situations where 
carbon was limited. There is clearly evidence of competition in these situations, but many 
manipulative experiments produce equivocal results because of the difficulty in 
separating competition for one resource from other factors such as limitation by light 
(McCreary, 1991). 
The use of tissue and sediment analyses to indicate resource utilisation by macrophytes, 
as advocated by Koerselman and Meuleman (1996), is dependent on the establishment 
of critical concentrations at which optimal growth occurs. Work by Gerloff and Krombholz 
(1966) and Duarte (1992) giving tissue concentrations of nutrients and the ratio of 
nitrogen to phosphorus in plant tissue provides a reference which can be used in this 
type of study. However, the evidence of luxury consumption of nutrients by macrophytes 
(cf. Best et aL, 1996) suggests that there may be problems with this approach. 
There are many examples of studying competition in macrophyte communities by relating 
species distribution to environmental gradients; many of which have used ordination 
techniques ( cf. Carbiener et d, 1990; Ali et aL, 1995; Robach et aL, 1996; Spink et aL, 
1997; Demars and Harper, 1998; Baattrup-Pedersen and Riis, 1999). Many of these 
studies have been undertaken with an aim other than studying competition and point out 
potential for competitive interaction rather than competition per se. 
Approaches considering morphological characteristics of plants have used plant 
attributes to classify plants to a particular ecological strategy (Grime, 1979), such as 
competitor, stress tolerator, ruderal (cf. Kautsky, 1988; Murphy et aL, 1990; Spink, 1992; 
Hills et aL, 1994). This approach not only indicates how species may respond to 
competition, stress and disturbance but may also indicate situations where competition is 
occurring. In a study of the recovery of river vegetation following disturbance events, 
plant attributes were related the recovery of species richness and cover (Barrat-Seg retain 
and Amoros, 1996). Many macrophytes display a high degree of morphological plasticity 
and this may be a response to resource competition. Myriophyllum spicatum plants have 
been observed to show phenotypical changes which result in a more competitive ruderal 
strategy under certain situations (Kautsky, 1988) and many studies investigating nutrient 
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uptake from the sediment have observed an increase in root biomass relative to shoot 
biomass in nutrient-poor sediment as roots increase in surface area to compensate for 
low nutrient availability (cf. Denny, 1972; Barko and Smart, 1981; Barko et aL, 1988). 
Thus, changes in root: shoot biomass in plants rooted in the same sediment could indicate 
competition for sediment nutrients. This potential for morphological change in plants 
under certain environmental conditions vindicates the bloindication approach of the RTSI 
(Ali et aL, in press, see Chapter One). 
Much of the published work indicates a limited role for competition in structuring 
macrophyte communities (McCreary, 1991; Wilson and Keddy, 1991). However, there 
have been numerous observations suggesting species interactions in natural situations. 
A cyclic relationship between Ranunculds spp. and Rorippa nasturtium-aquaticum agg. 
has been described by Dawson et aL (1978) in which the Ranunculus species colonises 
coarse substrates in moderate to high water velocities causing siltation to occur. This 
increase in fine sediments combined with a decrease in flow during late summer enables 
Rorippa nasturtium-aquaticum plants to invade the Ranunculus spp. beds and reach 
maximal biomass in late summer, high discharges during autumn and winter wash out the 
Rorippa nasturtium-aquaticum, allowing the cycle to begin again in the following spring. 
This observed invasion of Ranunculus sp. beds highlights the differing requirements of 
the two species for flow and sediment variables and suggests a competitive advantage 
for each of the species under its favoured conditions. These different physical 
requirements are combined with what may be considered as temporal -partitioning to 
allow both species to exist within the same habitat, thus leading to a cycloclimax 
community (Dawson et aL, 1978). 
French and Chambers (1996) used a combination of field observations and manipulative 
experiments to study habitat partitioning, which is interpreted as evidence of potential 
competitive interactions between species. There are few examples from lotic 
environments, yet the highly heterogeneous nature of most streams suggests great 
potential for habitat partitioning (French and Chambers, 1996). Measurements of abiotic 
characteristics and niche overlap showed coexistence of species in riverine habitats both 
with and without habitat partitioning, and indicated that there was some degree of 
interspecific mutual protection with stands protecting macrophytes growing within them 
89 
from scoudng. This concept was further investigated with in situ growth experiments 
which indicated that Elodea plants grew better within patches of plants than outside of 
patches (French and Chambers, 1996). The benefit of mutual protection from 
neighbouring plants within a stand has also been investigated in Callitriche cophocarpa 
stands, with the conclusion that patches may reduce physical stress and increase nutrient 
supply through promoting deposition of material (Sand-Jensen and Madsen, 1992). The 
function of patches is further considered in Section 2.9.3. 
There is evidently great potential for competition between macrophytes for sediment 
resources in rivers but there is little evidence that this potential is realised. The high 
degree of spatial heterogeneity in flowing water environments may allow habitat 
partitioning and coexistence as investigated by French and Chambers (1996). However, it 
is also possible that the influence of other factors, particularly spates and periods of low 
flows, may suppress growth-limiting competitive interactions to certain times of the year. 
Additionally, in flowing water environments, the establishment of new plants will depend 
on propagules reaching and remaining in a suitable position long enough to root. Thus, 
competitive interactions in shallow lowland streams with abundant macrophyte growth 
may occur through patch expansion but, in sparsely vegetated systems, there will be little 
opportunity for competition as plants do not grow close enough to one another. 
Macrophytes may also experience competition for water column nutrients and light with 
periphyton. As the mass of periphyton has been found to be higher on Potamogeton 
pectinatus plants than artificial substrates (Van Dijk, 1993), it is clear that there may be 
great potential for this. It is only through the use of carefully designed manipulative 
experiments in a variety of situations that the exact role of competition in the hierarchy of 
controlling factors can be established. Much of the work on controlling factors has 
indicated that the dominant control will depend on the particular environment, the 
macrophyte community present and the temporal and spatial scale of the investigation. 
The impact of scale in macrophyte studies was highlighted by Farmer and Adams (1989), 
who suggested that the consideration of one particular scale may ignore factors operating 
at higher or lower levels. 
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2.9 Interactions Between Macrophytes, Sediment and Flow 
Macrophyte-sediment interactions in rivers will be greatly affected by the action of flow. In 
streams where macrophytes are abundant, there will be a three-way relationship between 
macrophytes, sediment and flow, each of these responding to and affecting the other two. 
This section considers the importance of flow as a factor controlling macrophyte growth 
and the effect of macrophyte growth on flow and sediment processes. This includes both 
the physical and chemical effects of macrophytes upon the sediment. 
2.9.1 Flow Velocity as a Factor Controlling Macrophyte Distribution and Growth 
The differences between flowing and standing water systems has been outlined in Part I 
of this Chapter. The characteristics of flowing water environments result in a difference 
between vegetation communities in rivers and still waters. Flow is of key importance 
governing plant form, dominating growth controlling factors, and it defines the flowing 
water habitat (Dawson, 1988). The effect of flow and turbulence on macrophytes is both 
beneficial and damaging. The continual supply of nutrients, fine material and dissolved 
gases is offset by the risk of tissue damage or removal during spates. Species exposed 
to currents possess a number of physiological adaptations to cope with the flowing 
environment, including smaller leaves, shorter petioles and internodes, fewer floating 
leaves, and reduced or no flower production (Hynes, 1970). Species growing in exposed 
conditions in standing waters have been shown to display a plastic response to cope with 
the effect of water movement (Idestam-Almquist and Kautsky, 1995). The effect of flow 
may override other controlling factors, particularly when spates are frequent. For 
example, it has been observed that, as the time since disturbance increases, the 
importance of biotic controls such as competition and grazing damage also increases 
(Biggs, 1996), However, there are many species that may grow in both flowing and 
standing waters, being restricted to areas of low flow velocity and fine sediments in the 
former. These areas exist as a consequence of the spatial heterogeneity of flowing water 
systems. 
It is well established that flow and sediment are closely correlated and that increasing 
velocity in rivers is accompanied by increasing particle size of the bed material. This is a 
direct result of the ability of flows to entrain, transport and deposit material. 
Consequently, rivers exhibit both erosional and depositional processes, creating a highly 
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heterogeneous sediment environment. Obstacles to flow, such as debris dams and in- 
stream vegetation, cause variations in flow velocity within streams, creating further 
habitat differentiation. It is possible to find Widely differing environments within a very 
short distance. The presence of flow and turbulence ensures aeration of the waterbody 
and, as a result, anoxic conditions where redox-controlled phosphorus release can occur 
are rare in streams being restricted to dead zones, backwaters and within plants stands. 
Due to the relatively shallow environment of streams, the macrophyte habitat may stretch 
across the channel whereas in lakes the habitat is often restricted to the lifforal zone. 
A number of studies have attempted to correlate flow with either species distribution or 
growth parameters. The velocity ranges for common macrophytes in British streams have 
been documented (Westlake, 1975) and photosynthetic rates were found to be positively 
correlated to current velocity within the range observed in macrophyte beds (Westlake, 
1967). A relationship between flow and biomass is often found, though this may be 
positive or negative depending on the flow parameter used, the velocity range 
encountered and the plant species studied. Cover and biomass have been negatively 
related to flow (Brooker et aL, 1978), yet another study found a positive correlation 
between discharge and the expansion and recession of Ranunculus beds in the River 
Lambourn, Berkshire, (Ham et al., 1981). The correlation with discharge was weak in the 
much larger Bow River, Canada, where current velocity was negatively correlated with 
biomass (R2= 0.68 - 0.82) (Chambers et aL, 1991). The Bow River study indicates the 
importance of the flow range encountered and the flow variable measured in detecting 
relationships. Above flow velocities of 1 ms-I macrophytes were rare, indicating a 
negative relationship between biomass and flow beyond a certain velocity. That velocity 
and biomass were correlated yet discharge and biomass were not, indicates the 
importance in larger streams of localised flow variations for macrophytes in contrast to 
river wide discharges. The relationship between biomass and flow is further complicated 
by the negative feedback mechanism that operates, with increases in biomass causing 
localised decreases in current velocity (Chambers et aL, 1990). 
The influence of flow on species abundance recorded in the Lambourn (Ham et al., 1981) 
is an example of the effect flow can have on community composition, although Chambers 
et al. (199 1) suggest it is not possible to predict abundance or distribution of macrophytes 
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in relation to flow. A spate in Fall Creek, New York, was observed to eliminate Elodea 
canadensis entirely from one transect where it was previously abundant, increase its 
abundance in another transect, and induce niche partitioning between Elodea canadensis 
and Potamogeton crispus with the latter species colonising areas of faster-flowing water 
(Bilby, 1977). The link between macrophytes and flow is often a result of both flow and 
sediment characteristics as the two parameters are inextricably linked. Ranunculus 
aquatilis grown on three substrates in three differing water velocities displayed 
significantly different growth rates between substrates, but no significant differences in 
growth associated with water velocity (Boeger, 1992). This suggests an overriding 
importance of sediment characteristics in macrophyte growth. In a similar experiment, 
Potamogeton pectinatus biomass and shoot density were affected by both sediment type 
and current velocity, but there was no statistical interaction between the two variables 
(Chambers et aL, 1991). This study also found tissue concentrations of nitrogen and 
phosphorus were higher at low velocities, and the authors inferred that velocity affected 
metabolic rates (Chambers et aL, 1991). 
2.9.2 The Influence of Macrophyte Growth on Flow Velocity and Sediment 
Dynamics 
The presence of macrophytes within streams is not only influenced by but also influences 
flow velocity and flow patterns within the stream. Abundant vegetation growth within the 
channel can impede water flow (cf. Dawson, 1978) and frequently macrophytes are cut in 
these situations to reduce risk of flooding (cf. Sabbatini and Murphy, 1996). Measurement 
of fine-scale flow patterns within macrophyte patches has indicated that flow velocity is 
markedly reduced within plant patches and that this effect varies with species stand type; 
a velocity reduction was also apparent downstream of the patches where trailing plant 
stems caused vortices (Sand-Jensen and Mebus, 1996). This flow reduction within plant 
stands is accompanied by a proportional increase in turbulence which is affected by plant 
morphology and shoot movements (Sand-Jensen and Pedersen, 1999). This increased 
turbulence may increase the availability of dissolved gases and solutes to plants by 
limiting the development of nutrient-depleted zones around plant shoots. 
The reduction in flow velocity associated with dense plant stands results in the deposition 
and trapping of fine organic and inorganic particles within these stands. This 
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phenomenon has been observed in the littoral plant communities of Lake 
Memphremagog, Canada, where leaf area index of the plants and level of flow 
modification were significantly related. The leaf area index was also significantly related 
to the proportion of fine clay accumulating within the plant stands (Petticrew and Kalff, 
1992). In flowing water environments, the growth of Ranunculus penicillatus var. 
calcareus has been shown to increase the retention of fine particulate material (Dawson, 
1981). These effects have also been studied in Danish streams. Sand-Jensen et al, 
(1989) observed the development of macrophytes in the River Sus6, Denmark, and noted 
that the plants reduced water velocities and promoted sedimentation. It was suggested 
that submerged macrophytes play a key role in structure and functioning of the 
ecosystem, leading to the description of macrophytes as biological engineers in Danish 
streams (Sand-Jensen, 1997). In a further study, four different macrophyte species were 
found to reduce flow velocity by different magnitudes and to lead to the accumulation of 
fine particles rich in organic material and phosphorus within stands. This accumulation 
was such that the sediment surface was raised by over 1cm within the plant stands 
(Sand-Jensen, 1998). As this sediment retention was temporary, Sand-Jensen (1998) 
concluded that macrophytes were more important for sediment stabilisation, through the 
binding effects of roots, than nutrient retention in macrophyte-dominated streams. 
However, the nitrogen content of accumulated sediments in Callitriche cophocarpa and 
Sparganium emersum stands was 4-5 times higher than the levels in the tissues of the 
plants themselves and phosphorus levels were 35 times higher in the sediment of 
Callitriche cophocarpa stands relative to concentrations in the plant tissue (Sand-Jensen, 
1997). It is reasonable to conclude that the enrichment of sediment by macrophytes, 
through enhanced retention of nutrient-rich particles, may be a significant source of 
nitrogen and phosphorus in nutrient-poor streams. 
2.9.3 The Importance of Plant Patches 
The impact of macrophytes upon flow velocity and sediment accumulation is largely a 
result of the tendency of submerged riverine species to grow in distinct patches. These 
patches are the result of the dominance of vegetative spread over sexual reproduction in 
such communities, as well as high habitat heterogeneity. The development of patches 
results in a mosaic of plant patches, characterised by low flow velocities and sediment 
accumulation, alternating with deeper areas of high flow velocity, coarse substrates and 
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scouring of the bed (Sand-Jensen, 1997). Patches may be a fundamental aspect of 
macrophyte survival in flowing water environments as they may be expected to reduce 
physical stress and increase nutrient supply through sediment retention (Sand-Jensen 
and Madsen, 1992; French and Chambers, 1996, see Section 2.8.2). Small patches may 
have advantages over larger patches due to the reduced effects of self shading and 
space limitation in smaller stands (Sand-Jensen and Madsen, 1992). 
2.9.4 The Influence of Macrophyte Growth Upon Sediment Chemistry 
In addition to their influence upon flow velocity and sediment retention, macrophytes may 
alter the chemistry of the sediment. Oxygen translocation to the roots of plants has the 
effect of oxidising the immediate sediment environment, and this may limit phosphorus 
availability (Moore et al., 1994; Steinberg and Coonrod, 1994; Wigand et al., 1997). This 
effect on redox potential has been observed to differ between species (possibly due to 
root physiology and canopy structure) and is dampened in fertile sediments due to high 
levels of reductants and high respiratory demands (Wigand et al., 1997). In Lake 
Memphremagog, Canada, root metabolism was judged to be the cause of potassium 
release from plant roots resulting in interstitial potassium concentrations that were higher 
in Myriophyllum spicatum colonised areas than in unvegetated sediments (Carignan, 
1985). However, the author did not consider the possibility that the plants were trapping 
potassium-rich sediment. 
The action of macrophyte roots may also result in phosphorus release, at least in marine 
environments, Zostera sp. growing in carbonate sands was observed to dissolve the 
carbonate matrix of sediments (possibly through root exudates) with a resulting release of 
calcium-bound phosphorus (Jensen et aL, 1998). This could occur in carbonate-rich 
sediments of lowland chalk streams. Other effects include lower total alkalinity and pH in 
vegetated sediments relative to bare sediments (Moore et aL, 1994). Macrophytes in 
wetlands have been shown to provide suitable redox conditions for denitrifying bacteria, 
and a supplementary source of carbon for these organisms and macrophyte detritus 
provides a nitrate-nitrogen source for denitrification directly from particulate material 
(Howard-Williams, 1985). These effects could also influence nitrogen dynamics in stream 
ecosystems. Finally, changes in macrophyte community composition have been shown to 
reduce sediment fertility in Lake Memphremagog when the biomass of rosette and 
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bottom-dwelling species increased relative to the biomass of canopy-forming and erect 
species (Chambers, 1987). 
2.9.5 Isoetids - The Effect of Macrophytes In Nutrient-Poor Lakes 
There have been a number of studies on the relationship between sediments and a 
particular group of aquatic plants that are able to grow in oligotrophic lakes, particularly in 
areas that are subject to wave action and have poorly developed sediments. The isoetids 
have a rosette of short stiff leaves and much of their biomass is accounted for by their 
roots which are often mycorrhizal (Farmer and Spence, 1986). The term isoetid refers to 
growth habitat and is not a taxonomic definition, the term covering a number of British 
species including Isoetes lacustds, Littorella uniflora, Lobefla dortmanna and Eriocaulon 
aquaticum (Preston and Croft, 1997). Due to the limited availability of nutrients in the 
water column in environments favoured by the isoetids, and their inability to use 
bicarbonate ions, the plants rely on the sediment for both nutrients and C02 as a source 
of carbon. This dependence on the sediment has resulted in an interest in the 
relationship between isoetids and sediments. Some examples of this research are 
presented here. 
A study of isoetids In Lake Kalgaard, Denmark, found that plant biomass and shoot 
weight increased with increasing ignition loss of the sediment and an accompanying 
decrease in below-ground biomass (Sand-Jensen and Sondergaard, 1979), Thus, 
sediment fertility affected plant morphology. Plants of different morphology were therefore 
found to being growing on sediments of differing sediment fertility; plants with small 
shoots and the most developed root systems were confined to sediments of low organic 
content and with low interstitial concentrations Of C02, inorganic nitrogen and 
exchangeable phosphorus (Sand-Jensen and Sondergaard, 1979). There is also 
considerable evidence that isoetids exchange a high proportion of photosynthetically- 
derived oxygen over their root systems (Christensen et aL, 1998). This obviously has 
effects on sediment redox potential and leads to the development of iron and manganese 
plaques on root surfaces (Christensen and Wigand, 1998). Isoetids growing on 
phosphorus-rich organic sediments may exhibit low tissue concentrations of phosphorus 
due to plaque-induced inhibition of phosphorus uptake, and equally, on phosphorus- 
deficient sediments, the oxidation of the rhizosphere will limit the availability of the 
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phosphorus that is present (Christensen et aL, 1998). Comparisons of vegetated and 
unvegetated sediments in isoetid environments have shown that more phosphorus is 
retained in sediments with plants (Christensen and Andersen, 1996). 
2.10 Macrophytes and Nutrient Dynamics In Streams 
Regardless of the principal source of nutrients for submerged aquatic macrophytes, it is 
clear that in shallow, low-energy streams where macrophytes are able to grow 
abundantly, plants will greatly influence the functioning of the ecosystem, at least at a 
reach-scale (Marshall and Westlake, 1978; Sand-Jensen, 1997). Figure 2.1 presents a 
conceptual framework for this influence upon nutrient dynamics within streams. The 
ability of many species to obtain nutrients from both the sediment and water (Section 2.7) 
gives macrophytes a unique position in the ecosystem as a link between sediment and 
water column. In fact, there is evidence of macrophytes playing a role In the cycling of 
heavy metals from sediments to the overlying water (Agaml and Waisel, 1986), evidence 
from two chamber laboratory studies suggests that nutrients may be similarly transferred, 
although only from damaged or senescent shoots (Gabrielson et aL, 1984). 
Macrophytes may be considered as both a source and sink for nutrients. Macrophytes 
may obtain nitrogen and phosphorus from the sediment then release these elements to 
the water; this release is most likely during senescence and decay as losses from healthy 
tissue during laboratory experiments are commonly small (cf. Barko and Smart, 1981). 
Macrophytes may also function as a source for nutrients by trapping fine organic and 
inorganic particles, enhancing mineralisation of organic matter through oxidation of the 
sediments and altering the localised environment enabling phosphorus release through 
reducing conditions and increased pH and temperature. A comparison of phosphorus 
release in planted and unplanted areas suggested some of these mechanisms may be 
operating as total phosphorus release was significantly higher in planted beds, though 
this was not as marked for SRP (Stephen et aL, 1997). Additionally, as the decomposition 
of macrophyte material is slower than the decomposition of planktonic material, due to 
the presence of resistant structural tissue (Goldshalk and Wetzel, 1976), nutrient cycling 
is likely to be slower in macrophyte-dominated systems. 
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Quantities of nutrients released from decaying macrophytes may be significant. For 
example, phosphorus inputs from senescing Myriophyllum spicatum plants in enclosures 
in Lake Monroe, Indiana, were equal to up to 18% of annual total phosphorus loading, 
and phytoplankton biomass showed significant increases in response to this decay of 
macrophyte tissue (Landers, 1982). Furthermore, Howard-Williams and Allanson (1981) 
calculated that, in a low-phosphorus environment, Cladophora growing epiphytically upon 
Potamogeton pectinatus took up more than twice as much phosphorus as the 
macrophyte, yet the macrophyte had a biomass thirty times greater than the algal 
biomass. Therefore, macrophytes generate a much greater quantity of organic matter for 
a given concentration of phosphorus than epiphytic algae (Howard-Williams, 1985; 
Golterman, 1995). 
Macrophyte uptake of phosphorus may be rapid, as demonstrated by lake enclosure 
experiments with Potamogeton pectinatus (Howard-Williams, 1981). Agami et aL (1990) 
recorded phosphorus storage in macrophytes of a stream system at a level of 343 kg P 
ha-1. However, the authors concluded that the macrophytes could not function as sinks as 
the storage was only transitional. Similarly, macrophytes in six Florida lakes were 
estimated to contain 20-96% of water column phosphorus (Canfield et aL, 1983). Such Is 
the potential for macrophytes to accumulate nutrients that plants (usually, helophytes) are 
used in nutrient removal in waste water treatment systems (cf. Beltman, 1990)). 
Macrophytes may operate as both a source and sink for nutrients in aquatic systems, 
depending on the time of year, nutrient loading and the species present. However, there 
is also evidence suggesting that quantities of nutrients in streams greatly exceed those 
taken up by macrophytes - just 2% of the total phosphorus and total nitrogen exported 
from a Florida stream in 1982 would have been needed to support the mean or maximum 
measured standing crop of stream macrophytes (Canfield and Hoyer, 1988). This 
estimate was without any consideration of the nutrients contained within sediments. Even 
macrophytes growing along the stream margins may have a significant impact upon 
nutrient processes. For example, watercress plants growing in the margins of a New 
Zealand stream were shown to accumulate 1.14g N m-2d-I and all of the nitrate lost from 
the stream could be accounted for by this plant uptake (Howard-Williams et aL, 1982). 
Further effects of macrophyte uptake of nitrogen have been discussed in Section 2.5.4. 
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The importance of biological interactions in phosphorus spiralling is exemplified by a 
study in the Walker Branch, a Tennessee stream, where the "biotic phase" was shown to 
slow the average downstream movement of phosphorus by a factor of 300 relative to the 
water velocity (i. e. in the absence of biotic interactions) (Newbold, 1992). The high levels 
of biomass that may be attained in lowland chalk streams indicate huge potential for 
macrophyte uptake of nutrients and subsequent release within these systems; in a study 
of Ranunculus penicillatus var. calcareus production, seasonal maximum biomass of the 
macrophyte in the Bere Stream, Dorset, was 380g dry weight m-2 (Dawson, 1976). 
Additionally, internal cycling of phosphorus within plants to shoots for growing or to roots 
and rhizomes for storage may be significant, accounting for half the annual flux of 
nitrogen and phosphorus within plants (Howard-Williams, 1985). 
Macrophytes in freshwater systems may have an influence on nutrient dynamics beyond 
simple uptake and release of nutrients. Additionally, there are macrophyte-mediated 
effects beyond those relating to the effect of macrophytes upon the sediment. For 
example, macrophytes provide a substrate for epiphytes, which may take up large 
quantities of nutrients, and bacteria involved in the nitrogen cycle. Macrophytes may also 
enable non-rooted organisms to use sediment nutrients - epiphytes growing on 
Myriophyllum spicatum were shown to obtain all of their cobalt and manganese from the 
sediments via the host plant (Jackson et aL, 1994). Any switch from macrophytes to an 
algal-dominated flora may have considerable influence on sediment nutrient chemistry as 
benthic algal mats have also been shown to influence release of sediment nutrients 
through their effect on surface chemistry (Kelly et al., 1997). 
The interaction between macrophytes, phytoplankton and nutrients in lakes has been 
widely investigated with a view to reversing the effects of eutrophication (Phillips et at, 
1978; Moss et at, 1986; Gran6li and Solander, 1988; Balls et at, 1989). However, it is 
apparent that the interactions are complex and measures such as reducing the nutrient 
load, removal of enriched sediment (Pitt et at, 1997) and harvesting macrophytes to 
reduce nutrients locked in biomass have had limited success. The dominant role of flow 
and inorganic sediments (Harper, 1992) and the influence of macrophytes upon flow and 
sediment processes within shallow macrophyte-dominated streams is likely to further 
complicate these relationships. 
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2.11 Conclusions: Nutrients and Macrophyte-Sediment Interactions In Streams 
It is clear that current knowledge of nutrient cycles and processes within rivers is limited. 
Much of the understanding of nitrogen and phosphorus dynamics in freshwaters has 
been established from studies on lakes, particularly work on sediments. Processes in the 
slow-moving downstream reaches of large rivers where phytoplankton are present may 
be similar to those of lakes, at least during periods of low flow, but this is unlikely to be 
true of faster-flowing, shallower reaches further upstream. It is not appropriate to transfer 
this understanding to running waters without detailed studies of processes within rivers 
and streams. 
The presence of flow within a water body will have a considerable influence on the 
physical, chemical and biological processes taking place. Circulating stream experiments 
investigating the role of flow and sediments on the chemistry of chalk stream water have 
indicated the importance of this influence. In the absence of flow, water chemistry 
changed very little over the duration of the experiment. However, flowing water increased 
the pH of the water and decreased the concentrations of calcium and alkalinity in the 
water body (Ladle et al., 1976). 
Further problems arise in applying understanding gained from isolated sediment columns 
in laboratories, where influencing factors are discontinuous, to field situations where the 
role of external factors is significant. Whilst, controlling the conditions may reduce 
complexity and confounding factors, it may yield information which conflicts with real- 
world processes. It is also evident from this review of nutrient dynamics in freshwaters 
and sediments that oxygen plays a vital role. Release or retention of phosphorus by 
sediments is largely controlled by redox processes, and denitrification and nitrification are 
also governed by oxygen availability. Anoxic sediments in rivers are likely to be restricted 
to the margins, dead zones, dense vegetation stands or ponded reaches downstream. 
Thus, it is possible that anaerobic processes of nutrient cycling are of lesser importance 
in shallower rivers than in standing waters. 
There have been few studies on the dynamics of nutrients in running waters and even of 
actual concentrations of nutrients within river sediments as, until now, emphasis has been 
upon water column concentrations. Therefore, it is important, first to ascertain levels of 
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nitrogen and phosphorus within lowland river sediments and the proportions of different 
fractions and, secondly, to understand the processes regulating these concentrations and 
the temporal and spatial scales at which these processes operate. 
A review of research in the field of macrophyte ecology has indicated that sediments 
have frequently been considered as one of the key environmental factors controlling 
macrophyte distribution and growth. Macrophytes have been shown to respond to both 
the physical structure and the chemistry of the sediment. However, there is a lack of work 
that has quantified either the response of the plants or the nature of the sediments. There 
is some evidence of competition between macrophytes for resources but, due to the 
highly heterogeneous nature of the running water environment, it is difficult to determine 
situations where competition may be occurring. Despite great potential for competition 
and habitat partitioning, there is surprisingly little evidence of these in flowing waters. 
A growing body of literature reports the effect of macrophytes upon flow velocity patterns, 
sediment dynamics and chemistry. This suggests that macrophytes are a key component 
in the functioning of streams where they grow in relatively high abundance. Due to their 
influence on flow and sediment, and the fundamental role that macrophytes play in biotic 
phase of nutrient dynamics, any attempts to quantify nutrient retention and flux within 
lowland streams must consider the standing macrophyte biomass. 
The reduced flow conditions and accumulation of sediment particles associated with 
macrophyte stands suggests that relationships between macrophytes and sediments may 
be complex. Outstanding research needs in this area have been Identified - 
"our knowledge of the influence of stream macrophytes on sediment composition has grown 
considerably recently, whereas our knowledge of their dependency on sediment composition is 
mainly anecdotal" 
(Sand-Jensen, 1997, pg. 88) 
The future application of macrophytes as tools for the biological assessment of 
eutrophication depends upon the identification of the sediment preferences of different 
macrophyte species (see Chapter One). It will also require a greater understanding of the 
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role of processes such as competition and the influence of other environmental factors 
upon macrophyte distributions and survival. 
2.12 Research Alms and Objectives 
This chapter has indicated that there are many unresolved questions in the general field 
of macrophyte-sediment-nutrient interactions. Many issues relating to the physical and 
chemical processes governing stream nutrient status and dynamics are beyond the 
scope of this study. Nevertheless, these issues must be considered in future research if 
the environmental sciences are to approach even a conceptual understanding of 
ecosystem processes within lowland streams. 
The overall aim of this research is to investigate the characteristics of sediments 
supporting submerged rooted macrophyte species in lowland British rivers. This aim is 
investigated to address both the academic question of the sediment preferences of a 
variety of submerged rooted macrophyte species, and the applied issue of relating 
macrophytes to nutrient status in order to utilise them as tools for biological assessment. 
The research alms to extend and complement work undertaken during the development 
of macrophyte-based biological assessment methods, such as the MTR, which have so 
far focused on macrophyte responses to water chemistry (see Chapter One). 
Specific objectives of the research are - 
To determine the range of nutrient concentrations (phosphorus and nitrogen) of 
vegetated and unvegetated sediments in a sample of lowland British rivers. 
To consider the spatial variability of vegetated and unvegetated sediments across 
this sample of lowland rivers. 
To identify the physical and chemical characteristics of sediments associated with 
particular submerged, rooted macrophyte species. 
To consider the role of other environmental factors in mediating sediment- 
macroPhyte relationships. 
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To investigate the effect of point-source nutrient pollution on sediment nutrient 
concentrations and macrophyte tissue composition. 
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Chapter Three 
METHODOLOGY AND SAMPLING STRATEGY 
3.0 Introduction 
This chapter describes the methods employed in obtaining water, sediment and plant 
material from the streams surveyed in this study. The chapter is divided into three parts. 
Part I gives details of the site selection procedures, details of the sampling rationale 
employed and descriptions of the sites visited. Part 11 describes the laboratory methods 
employed in the analysis of water, sediment and plant materials collected. Finally, Part III 
describes the collection of secondary data from existing archive sources and briefly 
considers these data. 
PART I 
3.1 Selection of Study Sites and Macrophyte Species 
Addressing the objectives outlined in Section 2.12 requires a sampling approach that 
considers both the differences between sediments associated with different macrophyte 
species and the spatial variability of these vegetated sediments. The principal part of the 
research is concerned with a survey of sediment characteristics associated with different 
macrophyte species across a range of rivers in southern England. In an extension to this 
two sites were selected for a more in-depth investigation. In this section the criteria 
employed to select the rivers and sites will be described. 
3.1.1 Site Selection 
The survey was limited to streams within the south of England for both scientific and 
logistical reasons. The geology of the region comprises mostly the soft rock types (chalk 
and clay) and consequently the streams tend to have low gradients and fine sediments. 
These conditions result in abundant macrophyte growth and in streams of this type 
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macrophytes are likely to play a fundamental role in nutrient dynamics and ecosystem 
functioning (cf. Sand-Jensen, 1997, see also Chapter Two). Furthermore, increased 
anthropogenic nutrient loading is a major problem in this area due to the high population 
density and intensive nature of both arable and livestock farming, There is a clear need 
for further understanding of nutrient dynamics and the relationship between macrophytes 
and nutrients in streams of this type. Restricting the study to this region also allowed 
samples to be returned to the laboratory and analysed rapidly. 
Suitable streams and the location of sites on the streams were identified through the 
recently compiled Mean Trophic Rank database (Dawson et aL, 1999b). The database 
has been compiled by the Institute of Freshwater Ecology (IFE), Wareham, UK and 
records the results of 1655 Environment Agency MTR surveys undertaken at 523 sites 
during the period 1994 to 1996 (with some surveys in 1993) (Dawson et aL, 1999a). The 
database also includes 117 MTR surveys undertaken by the IFE in 1996 as part of the 
MTR evaluation; 3128 macrophyte surveys undertaken by conservation bodies in 
England, Wales and Scotland; 271 surveys from Northern Ireland carried out for the 
Department of the Environment, Northern Ireland; and 110 surveys from River Habitat 
Benchmark surveys across Britain (Dawson et aL, 1999a). The surveys undertaken for 
the conservation bodies and the River Habitat Benchmark Surveys did not use the MTR 
methodology but were included to supplement the dataset with surveys from a wider 
range of rivers, including rivers of high conservation value and of near pristine condition 
(Dawson et aL, 1999a). The total database contains 5281 surveys at 2572 sites. 
Only the English sites surveyed using the standard MTR methodology (Holmes et aL, 
1999) (those undertaken by the Environment Agency and IFE) were considered during 
site selection because the database contains both physical and chemical data for these 
most of these sites. All of the sites within the Anglian, Midlands, Southern, South-Western 
and Thames regions of the Environment Agency were considered for selection. Sites not 
included in the MTR database were also considered for selection if they were known or 
found to meet the selection criteria. Selection of the survey sites was based on criteria 
regarding site access, the availability of water chemistry and flow data, and macrophyte 
species presence and abundance. The following criteria were used to select sites: 
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All sites to be in Anglian, Midland, Southern, South Western or Thames regions of the 
Environment Agency to ensure sediment and water samples could be returned to the 
laboratory within 24 hours. 
At least four submerged rooted macrophyte species from a predetermined list of 
suitable species (Section 3.1.2) to be present in sufficient abundance for sampling of 
the underlying sediments. 
A large proportion of each site was to be wadeable during sampling to ensure 
adequate sampling of sediments and recording of macrophyte community. 
Water chemistry and hydrological records for the site (or adjacent sites) to be 
available for year of sampling. 
This initial selection produced a list of over 100 sites potentially suitable for sampling. 
Those sites within easy reach of the laboratory, and thus allowing samples to be stored 
adequately as soon as possible after sampling (approximately 60 sites), were subject to a 
site visit to assess suitability. This visit allowed the above criteria to be checked, 
particularly with respect to the macrophyte species present and whether sediment 
sampling could be undertaken by wading. Sites were not sampled if there was evidence 
of major anthropogenic influence (other than nutrient enrichment) upon either sediments 
or plant community; for example, sites where dredging, macrophyte cutting, major in- 
stream structures or pollution were evident were not selected. The aim was to sample 
between 15 and 20 sites for the survey, with the exact number being determined by 
numbers of suitable sites and ability to deal with samples in subsequent laboratory 
analyses. Finally, 17 streams were surveyed and sampled according to the manner 
described below (Section 3.3). The streams and sites are listed and described in Section 
3.2. 
The limited geographical extent of the area from which streams were selected and the 
requirements for sites to be wadeable with a reasonably abundant macrophyte flora 
restricted sampling to a certain range of river types. Thus, the sites sampled were broadly 
similar in terms of geology and trophic status and tended to be located in medium sized 
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streams or the upper-middle reaches of larger lowland rivers. There is a bias in the 
sampled sites towards shallow (<1m), macrophyte dominated, clay and chalk streams 
with predominantly fine sediments. Whilst this will not be representative of the range of 
physical characteristics and trophic status of British flowing water environments, it does 
represent a range of environments where macrophytes may be affected by sediment 
structure and nutrient concentration and where ecosystem nutrient concentrations are 
known to be of concern. 
3.1.2 Selection of Macrophyte Species 
To investigate the characteristics of sediment underlying every macrophyte species 
encountered in the study would be impractical and results would be too complex to allow 
clear interpretation. Sediment-macrophyte interactions are poorly understood, therefore 
at this stage it is important to focus on the fundamental relationships and keep survey 
and experimental design simple. Relationships between sediments and selected 
macrophyte species were investigated at each of the sampling sites. 
Certain macrophytes will not be directly influenced by the sediment at all, such as floating 
species, un-rooted submerged species and bryophytes attached to solid substrates. 
Furthermore, marginal species may have a physiology and ecology closer to terrestrial 
species than submerged aquatic macrophytes. These macrophytes were not considered 
during the sediment sampling. Species considered rare within the study region or present 
within the region but at the limits of their range were also excluded from the sediment 
sampling. A list of submerged, rooted aquatic macrophyte species, all of which are 
reasonably widespread in their distribution was prepared and used to determine site 
suitability with respect to the plant species present (Section 3.1.1). The list of 
macrophytes is given in Table 3.1. 
3.2 Study Streams and Sites 
In this section the 17 streams sampled during the research are identified and the sites are 
described. Table 3.2 lists the 17 streams and provides site details, including the 
abbreviations used in figures and tables of this thesis. The 17 streams are situated 
across the south and east of England (Figure 3.1) and occur on several geological types. 
However, within a British or European context, these represent a small subset of river 
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Figure 3.1 Map showing the location of the 17 sites studied 
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types. There are 13 sites on chalk (two of which have an overlying geology of clay) and 
four clay streams. There is therefore a continuum of rivers from clay through glacial 
deposits to those on a chalk substrata. There is evidently a dominance of chalk streams 
within the 17 streams studied. This is due to the site selection criteria set out in Section 
3.1 which favours chalk streams as they generally have a diverse and abundant 
macrophyte vegetation and are fairly shallow. A brief description of each of the sites is 
given below, including conditions and the macrophyte community present at the time of 
sampling. Examples of the sampling sites are displayed in Plates 1-4. 
Table 3.1 Macrophyte species suitable for sediment sampling programme 
(for nomenclature see Appendix A) 
Apium nodiflorum* 
Berula erecta 
Butomus umbellatus 
Callitriche obtusangula 
Callitriche platycarpa 
Callitriche stagnalis 
Chara vulgaris 
Elodea canadensis 
Elodea nuttallY 
Groenlandia densa 
Hippuris vulgaris 
Juncus bulbosus 
Myriophyllum spicatum 
Nuphar lutea 
Nymphaea alba 
Oenanthe fluviatilis 
Potamogeton crispus 
Potamogeton lucens 
Potamogeton natans 
Potamogeton pectinatus 
Potamogeton perfoliatus 
Ranunculus penicillatus subsp. pseudofluitans 
Ranunculus fluitans 
Ranunculus peltatus 
Rorippa nasturtium-aquaticum agg. * 
Sagittaria sagittifolia 
Schoenoplectus lacustris 
Sparganium emersum 
Sparganium erectum 
Veronica anagalis-aquatica* 
Veronica catenata* 
Zannichelfia palustris 
*only included when growing submerged (i. e. not included when growing as marginal 
plant) 
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Plate 1 The River Dove sampling site 
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Plate 3 The River Test sampling site (upstream) 
Plate 4 The River Wey sampling site 
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3.2.1 Allen, Dorset 
The River Allen is a tributary of the River Stour, the confluence of the two rivers being at 
Wimborne Minster. The River Allen has a predominantly rural catchment with a geology 
of chalk in the upper catchment and sands, gravels and clays in the lower catchment 
(Institute of Hydrology, 1999). The hydrology of the catchment is influenced by the 
permeable geology and the site has a Base Flow Index (BFI) of 0.91 (see Section 3.11 
for further information). The site where samples were collected is approximately 4.5 km 
upstream of the confluence with the River Stour and is situated directly downstream of 
the bridge at High Hall. The site is a fast flowing section with a gravel-cobble bed and is 
not included in the Environment Agency MTR database. The macrophyte community is 
dominated by Ranunculus sp. and Callitriche spp. with wide Rorippa nasturtium- 
aquaticum agg. beds at the margins. 
3.2.2 Avon, Hampshire 
The Hampshire Avon is one of several English rivers to share the name Avon. The 
catchment has a chalk geology and predominantly rural land-use (Institute of Hydrology, 
1999). The catchment above East Mills gauging station (see Section 3.11) has a high BFI 
(0.91) reflecting this permeable geology (Institute of Hydrology, 1999). The site surveyed 
is on a back channel into which Ringwood waste water treatment works discharge. The 
site includes the sewage outfall at its upstream end, because the reach upstream was too 
deep for sampling. The site is a straight section, deeper at the upstream end and 
shallowing to a riffle at the downstream end. The bed of the site comprised gravels with 
areas of deposited sands and fines. There was good cover of macrophytes (Myriophyllum 
spicatum and Elodea nuUalld, are the most abundant), although there are few plants 
immediately downstream of the sewage outfall where Cladophora agg. dominates. 
3.2.3 Dove, Suffolk 
The River Dove is a tributary of the Waveney and was sampled approximately 6km 
upstream of the confluence with the Waveney. The Dove has a rural catchment of 
boulder clay geology and the largely impermeable geology results in a BFI of just 0.44 
(Institute of Hydrology, 1999), suggesting a moderately flashy regime (see Section 3.11). 
The section surveyed was a deep, sluggish channel downstream of the bridge at Eye. 
The 100m reach sampled began at the downstream end of a riffle section immediately 
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downstream of the bridge. The reach was dominated by Sparganium sp. although Nuphar 
lutea and Calfitfiche spp. were also present in reasonable abundance. The bed 
comprised fine material reflecting the sluggish flow and local geology. 
3.2.4 Dun, Berkshire 
The River Dun is a tributary of the Kennet and is typical of a lowland chalk stream with a 
groundwater-dominated regime. The geology of the mainly rural and forested catchment 
is chalk resulting in a high BFI (0.95) (Institute of Hydrology, 1999). The site is situated 
downstream of the Hungerford gauging station and approximately 1.5 km upstream of the 
town of Hungerford. The site was within an area of grazed flood meadow bordered to the 
south by the Kennet and Avon Canal, and demonstrates a well-developed pool-riffle 
sequence. The macrophyte community was mainly composed of Ranunculus sp. and 
Callitfiche spp., both growing in distinctive stands separated by areas of clear coarse 
gravels. 
3.2.5 Eden, Kent 
The Eden Brook is a tributary of the River Eden and has a rural catchment on sands and 
clays (institute of Hydrology, 1999). The catchment, in accordance with its geology, has a 
low BFI (0.36) (Institute of Hydrology, 1999) which suggests a flashy regime. The site is 
in an area of agricultural land. The reach was characterised by a well-defined pool-riffle 
sequence with algae (mainly Cladophora agg. ) and Nuphar lutea dominating in the pool 
sections and Callitriche spp. and Elodea nuttalld growing on fine silts deposited on the 
riffles. Reflecting the geornorphological diversity there were patches of distinctly different 
sediments within the channel, ranging from clays to coarse gravels. 
3.2.6 Frorne, Dorset 
The River Frome was sampled upstream of Dorchester waste water treatment works. The 
rural catchment is chalk, although there is Upper Greensand, Gault, Lias and Oolites in 
the headwaters (Institute of Hydrology, 1999). Flow variability is moderated by the 
permeable geology and the BFI is 0.84 (Institute of Hydrology, 1999) (see Section 3.11). 
The site has a rich and varied plant community with almost complete cover and is 
bordered by arable farmland and allotments. The channel was open and unshaded with a 
fringe of Sparganium erectum all the way along the right bank of the sampled reach. 
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Three macrophyte species - Potamogeton pectinatus, P., perfoliatus and Ranunculus 
penicillatus subsp. pseudofluitans - were abundant and growing in distinct stands. 
3.2.7 Hiz, Bedfordshire 
The River Hiz is a tributary of the River Ivel and has its source in a spring upstream of the 
town of Hitchin. The catchment is agricultural, although Hitchin contributes an urban 
character to a significant proportion of the catchment (institute of Hydrology, 1999). 
Hitchin waste water treatment works also contributes significantly to the discharge of the 
Hiz. The catchment has a BFI of 0.85 (Section 3.11). The Hiz was sampled just upstream 
of the village of Arlesey in a grazed meadow. The channel was protected from cattle by a 
fence for most of the 100m site. The site surveyed had a varied macrophyte community 
and very variable sediment with patches of clay, sand and gravel all being encountered. 
Immediately upstream of the section sampled, flow deflectors have been installed to 
provide greater flow diversity. These may have contributed to the observed variability in 
sediment characteristics downstream. There was close to complete cover of macrophytes 
at the time of sampling and large stands of Callitriche spp., Myriophyllum spicatum, 
Ranunculds penicillatus subsp. pseudofluitans var. vedumnus, Elodea spp., 
Potamogeton pectinatus and Rorippa nasturtium-aquaticum agg. occurred along the 
channel margins. 
3.2.8 Itchen, Hampshire 
The Itchen is a chalk stream and the reaches immediately downstream of the selected 
site are managed for the purpose of game fishing. The catchment is 90% chalk and the 
stream is dominated by groundwater influences (BFl = 0.92) (Institute of Hydrology, 1999) 
(see Section 3.11). Rural land-use dominates the catchment but there are areas of urban 
development. The macrophyte community of the site was clearly influenced by the 
degree of shading from trees and shrubs on the banks. Open stretches were much more 
heavily vegetated than the shaded sections. The community was typical of that expected 
for a chalk stream with Ranunculus penicillatus subsp. pseudofluitans and Oenanthe 
fluviatilis being the most abundant species with patches of Callitriche spp. persisting 
elsewhere. There was considerable silt deposition upon the gravels in some areas of the 
channel as a result of flow reduction within dense plant stands. The Itchen was one of the 
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two rivers sampled at a second site to investigate longitudinal variation in sediment 
character (see Section 3.3.6). 
3.2.9 Loddon, Hampshire 
The River Loddon has chalk headwaters but much of the catchment is impervious 
resulting in a BFI of 0.76 (institute of Hydrology, 1999). Although predominantly rural, 
there are growing urban areas within the catchment (Institute of Hydrology, 1999). Flow 
diversity in the reach sampled has been enhanced through the use of flow deflectors. 
There were large vegetated patches at the time of sampling but also large areas of clear 
coarse gravels. Submerged Apium nodiflorum and Ranunculus penicillatus subsp. 
pseudofluitans were the most abundant macrophytes recorded. The site was densely 
shaded in sections along the right bank by woodland and the left bank was bordered by 
grazed pasture. 
3.2.10 Rhee, Cambridgeshire 
The River Rhee eventually becomes the Granta which flows through the city of 
Cambridge. The catchment (BFI = 0.74) is chalk overlain by boulder clay (-30%) and the 
land-use is chiefly arable (Institute of Hydrology, 1999). The site is approximately 4km 
upstream of the MTR site at Haslingfield which was too deep and choked with algae to 
sample satisfactorily. The upstream section of the site is open and has well-developed 
marginal vegetation with a path of clean gravels cut through beds of Rorippa nastuffiUm- 
aquaticum agg., Aplum nodiflorum and Glyceria spp. Both Ranunculus penicillatus subsp. 
pseudofluitans and Zannichellia palustris grow submerged in this shallow section. The 
reach gradually deepens and becomes more shaded towards the downstream end of the 
100m site. This deeper section had finer bed sediments and deposits of decaying plant 
material from overhanging terrestrial vegetation. This downstream reach was colonised 
by ribbon leaved macrophytes such as submerged Sparganium emersum and Sagittaria 
sagittifolia. 
3.2.11 Test, Hampshire 
The Test was sampled at the MTR site upstream of Andover waste water treatment 
works. The sample site is managed for fisheries purposes and the whole river is 
managed to maintain water depths greater than would naturally occur. The catchment is 
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approximately 90% chalk with deposits of tertiary alluvial material in the lower reaches 
(Institute of Hydrology, 1999). The catchment above Broadlands has a BFI of 0.95 
reflecting this permeable geology (Institute of Hydrology, 1999). 
The site sampled was characteristic of a chalk stream albeit with evidence of 
management for fisheries. There were large stands of Ranunculus sp., Hippuris vulgaris 
and Schoenoplectus sp. interspersed with areas of clear gravels. The reach sampled has 
seen a decline in biomass of Ranunculds penicillatus subsp. pseudofluitans and an 
associated increase in the abundance of Hippuris vulgaris in recent years (personal 
communication with riparian owner). Whether this is a consequence of a natural silting- 
wash-out cycle as described by Dawson et aL (1978) or a more fundamental long-term 
shift in the macrophyte community is unknown. The wide reach is characterised by 
coarse gravels and fine silts which have accumulated within macrophyte stands. 
Additionally, there are patches of silty-clay sediments near the river margins. The river 
was the second river sampled at two sites to investigate longitudinal patterns (see 
Section 3.3.6). 
3.2.12 Tove, Northamptonshire 
The River Tove was sampled at a site situated in pasture and upstream of the town and 
racecourse of Towcester. The catchment is chalk overlain with boulder clay (BF1 = 0.53) 
with an agricultural land-use (Institute of Hydrology, 1999). The site was situated 
upstream of Cappenham Bridge gauging station (see Section 3.11). The site was 
characterised by a solid bed overlain with patches of unstable fines and sand-sized 
sediment. There are remains of old man-made structures within the reach (possibly a 
footbridge). Macrophyte cover was fairly sparse probably due to the solid nature of the 
riverbed. There were small stands of Elodea canadensis, Potamogeton pectinatus and 
Schoenoplectus sp. where the sediment was suitable. However, there was abundant 
growth of benthic algae - Cladophora agg. - throughout the reach. This growth may have 
been exacerbated by the very slow flow at the time of sampling. 
3.2.13 Waveney, Norfolk 
The Waveney was sampled at a site upstream of the town and sewage treatment works 
of Diss in Norfolk. The river runs out of Redgrave Fen Nature Reserve approximately 7km 
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upstream of the site. The Waveney catchment has a surface geology of boulder clay (BFI 
= 0.43) with arable and mixed agricultural land-use (institute of Hydrology, 1999). The 
site was unique amongst those sampled in that there was virtually no flow and the 
channel was choked with macrophytes. The absence of flow and the dense growth of 
macrophytes had resulted in an accumulation of fine sediments and organic material on 
the river bed, with patches of sandy sediment that remained unvegetated. The channel 
was dominated by the growth of Callitriche stagnalis and Potamogeton natans mid- 
channel and Carex riparia along the channel margins. The left bank of the site was 
bordered by residential housing whilst the right bank was ungrazed meadow. 
3.2.14 Wey, Hampshire 
The Wey was sampled close to its source on a branch known as the North Wey. The 
rural catchment is chalk but the BFI is just 0.71 reflecting groundwater abstraction in the 
upper reaches (Institute of Hydrology, 1999). The sampling site was situated in an area of 
intensively grazed pasture in a reach with patches of dense shade, Areas of limited flow 
were heavily silted and there was abundant growth of Cladophora agg. in patches. 
Stands of Callitriche spp. and Elodea nuttalld were the dominant feature of the 
macrophyte community although these patches had been colonised by significant 
growths of periphyton. 
3.2.15 Whilton Branch, Northamptonshire 
The Whilton Branch is a tributary of the Nene and is otherwise known as Kislingbury 
Brook. The name Whilton Branch is used in the MTR database and is retained here to 
avoid confusion. The catchment is mostly clay (73%) and rural and the BFI is 0.57 
(institute of Hydrology, 1999). The river was sampled upstream of the discharge of a 
large waste water treatment works in an area of arable farmland. The reach is narrow and 
ditch-like with some relatively deep (> 1m), slow flowing sections. In sections along the 
reach, the marginal vegetation - Phalaris arundinacea and Sparganium erectum - was 
encroaching on the channel, reducing the open water width to less than a metre and 
leading to localised shading. The macrophyte community largely comprised Ranunculus 
sp. and Apium nodiflorum, 'although three Potamogeton species were present in low 
abundance - P. crispus, P. natans and P. pectinatus. 
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3.2.16 Whitewater, Hampshire 
The Whitewater has a catchment geology of chalk and a BF1 of 0.95 (Institute of 
Hydrology, 1999). There has been continuous flow measurement at Lodge Farm since 
1927; of the seventeen rivers sampled the Whitewater has the longest flow record. The 
reach was an open channel in a field grazed by sheep. There were wide Rorippa 
nasturtium-aquaticum agg. margins on both sides of the channel throughout the 100m. 
The reach was shallow but fast flowing with a meandering channel cutting through the 
marginal vegetation. The sediment was chiefly coarse gravel but with accumulations of 
silt and fine organic material in and around plant stands. The submerged macrophyte 
community comprised Apium nodiflorum, Callitfiche obtusangula, Myriophyllum spicatum 
and Ranunculus penicillatus subsp. pseudofluitans. 
3.2.17 Wylye, Wiltshire 
The River Wylye was sampled downstream of the South Newton gauging station. The 
catchment is chalk with Upper Greensand and Gault Clay in its upper reaches, the BFI is 
correspondingly high (0.91) (Institute of Hydrology, 1999). The site is surrounded by 
arable farmland and the channel supports a high macrophyte biomass. The high plant 
growth at the site occasionally causes elevated water levels and the macrophytes are 
periodically cut as a consequence. The river is also managed for game fishery purposes. 
The macrophyte community was dominated by large stands of Ranunculds sp. with some 
smaller Potamogeton pectinatus stands. Other species - Callitriche spp. Myriophyllum 
spicatum and Potamogeton crispus - were present but in low abundance. 
3.3 Field Data Collection 
All sites, including the two additional downstream sites on the Itchen and Test (Section 
3.6.6), were 100m in length in accordance with the MTR methodology (Holmes et aL, 
1999). Within this 100m reach length, sediment and water samples were collected, the 
macrophyte community was surveyed and measurements of a number of physical 
parameters were made. Details are given in the following sections. 
3.3.1 Sediment Sampling Rationale 
Sediment samples were collected from each 100m length study reach from both 
vegetated and unvegetated areas of the bed. The number of sediment samples taken 
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from each 100m site depended on the minimum number required for statistical tests and 
on what is considered to give a representative sample of the sediments of the 100m 
length. A key consideration in this respect is the degree of sediment heterogeneity within 
a reach. However, no previous studies of river sediment nutrient concentration variability 
exist. Therefore, the number of sediment samples collected from each 100m site was 
determined on the basis of the expected high variability of sediments (see Chapter Two, 
Section 2.3.4) and the maximum number of samples that could be analysed satisfactorily 
within a given time period. Given the constraints on analysing a large number of sediment 
samples it was decided that, at most, 20 samples should be taken from each 100m river 
site to ensure that all 17 rivers could be sampled and investigated during the research 
period. It is acknowledged that this number of samples may not always adequately reflect 
the variability of sediment characteristics at a site; this problem is considered in Chapter 
Four with reference to the actual variability encountered in the 17 rivers. 
Most statistical tests require that samples are located randomly within the study area. 
However, a completely random sampling strategy would not have accounted for the 
patchiness of river vegetation. A random stratified approach, sampling randomly within 
sub-areas, was considered appropriate. Plant stands of selected species were taken as 
sub-areas, and samples were located randomly within these stands. Samples were 
located randomly within stands with reference to co-ordinates selected from a random 
number table. Each stand was visualised as an approximate rectangle of 10 x 10 smaller 
rectangles. The first two digits of the random number were taken as co-ordinates for the 
point of sampling, for example, the random number 4562 would give co-ordinates of 45. 
Thus, the rectangle fourth along the edge of the stand roughly parallel to the banks and 
fifth in the perpendicular direction was sampled. If the co-ordinates included a zero, the 
next digit of the random number was substituted to avoid sampling the edge of stands. 
Sediments were sampled from underneath at least four macrophyte species (with at least 
one replicate from a different stand per species from each river), from the list (Table 3.11). 
Additionally, two samples in the 100m reach were taken from unvegetated sediment to 
give an indication of the effect of vegetation on sediment characteristics. These 
unvegetated samples were randomly located in the bare areas of the bed. The twenty 
samples at each site were distributed between the selected species present and the two 
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unvegetated sediments. Table 3.3 shows the distribution of samples between macrophyte 
species. 
Table 3.3 Distribution of sediment samples amongst macrophyte species 
Macrophyte Species No. of No. of 
Sediment Sites 
Samples Represented 
Unvegetated 36 17 
Apium nodiflorum 12 4 
Butomus umbellatus 21 
Callitriche spp. 48 14 
Chara vulgarfs 21 
Elodea canadensis 10 4 
Elodea nuffalld 22 5 
Myriophyllum spicatum 16 5 
Nuphar lutea 12 4 
Oenanthe fluviatifis 21 
Potamogeton crispus 63 
Potamogeton natans 62 
Potamogeton pectinatus 16 5 
Potamogeton perfoliatus 62 
Ranunculus penicillatus subsp. pseudofluitans 84 12 
Rorippa nasturtium-aquaticum agg. 21 
Sagiffaria sagittifolia 62 
Schoenoplectus lacustris 42 
Sparganlum emersum 28 7 
Sparganium erectum 10 4 
Veronica spp. 41 
Zannichelfia palustris 63 
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3.3.2 Sediment Sampling Technique 
A variety of techniques and equipment have been utilised to sample the bed sediments of 
rivers and lakes. The choice of both equipment and technique was governed by the aims 
of the study and the types of material to be collected. Commercially available corers and 
grabs have been reviewed and the relative advantages and disadvantages have been 
assessed (Flanagan, 1970; Golterman et aL, 1983). The aims of this particular study 
were to sample sediments to allow determinations of various elemental concentrations to 
be made, and to provide an estimate of the physical structure of the sediment. Key 
considerations in the choice of sampling equipment and technique were that fine material 
should not be lost, that samples could be taken to a constant and defined depth, and that 
samples were sufficiently large to allow both chemical analyses and particle size 
determination. 
Grab type samplers, for example the Eckman grab, are generally unsuitable if the 
structure of the sample is to be retained and are most useful for collecting bulk samples 
of clays, silts and muds (Golterman et aL, 1983). In sediments containing gravel-sized 
particles, grabs tend to be less suitable as large particles become trapped in the jaws 
resulting in the loss of fine materials. Corers have the advantage of retaining the vertical 
structure of sediment samples and therefore allow differential analysis of the layers. 
However, their suitability is restricted to finer materials as the non-cohesiveness of sands 
and larger particles prevents intact cores being taken. A number of different types of 
corer are described in the literature, including those which take single cores (Brinkhurst et 
aL, 1969; Mackereth, 1969; Maitland, 1969; Milbrink, 1971; Schindler and Honick, 1971; 
Ali, 1984) and those which simultaneously take a number of adjacent cores (Hamilton et 
aL, 1970; Kemp et aL, 1971). 
Much of the work on the chemical nature of sediments has been undertaken in lacustrine 
environments, and consequently the materials sampled have tended to be relatively fine 
and readily sampled using the corer and grab type equipment described. However, river 
sediments tend to be both coarser and more spatial heterogenous than lake sediments 
due to the erosional and depositional processes associated with flow. Streams of the type 
selected for this study (Section 3.2) possess sediments with a wide range of particle sizes 
ranging from clays to coarse gravels or cobbles. Consequently, grab samplers were 
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considered unsuitable as it was likely that fine material would be lost as larger particles 
become trapped in the jaws of the grab. A method and apparatus that could be employed 
in sediments with a wide range of particle sizes without loss of fine material was required. 
A significant advance in sampling river sediments was the development of freeze-coring 
technology (see Gordon et aL, 1992) which allows a core of specified depth to be taken 
intact by driving a hollow standpipe into the sediment and introducing a freezing agent, 
usually liquid nitrogen, into the standpipe to freeze the surrounding sediment. Freeze- 
coring has a number of advantages over conventional sampling approaches. First, the 
sediment is collected as a core with minimal disturbance to the different layers of 
sediment. Secondly, fine particles and large particles are sampled equally well if the 
quantities of the freezing agent are sufficient. Finally, interstitial water is also frozen and 
hence constitutes part of the sample. 
Freeze-coring was investigated as a possible method that would fulfil the sampling 
criteria outlined above. However, there are a number of problems associated with the 
technique that could not be resolved. The technique is both time-consuming and labour 
intensive, and also has health and safety considerations that were insurmountable in this 
study. Use of this technique would greatly limit the number of samples that could be 
taken during a site visit. Additionally, the freezing involves extremely low temperatures 
and these could have unquantiflable and irreversible effects on sediment chemistry. As 
one aspect of the research was to consider the relative proportions of different nutrient 
fractions, these temperature-induced chemical changes meant that freeze-coring was not 
suitable for a study of this type. 
A coring method has been employed to sample river sediments within plant stands (cf. 
Kern-Hansen and Dawson, 1978; Howard-Williams et at, 1982; Sand-Jensen, 1998) and 
in one of the few studies of riverbed chemistry (Chambers et aL, 1992). Consistent with 
these other studies, it was decided to sample sediments using a simple corer. Sediment 
was sampled with a suction corer of similar construction to the type described by Maitland 
(1969). The design and details of the corer are given in Figure 3.2. Sampling from coarse 
sediments required modifying the operation of the corer by sliding a flat spade 
underneath the corer and lifting the spade and corer simultaneously to reduce sample 
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loss. In finer materials (dominated by particles of less than 2mm), the corer could be used 
in a conventional manner, relying on the trapped air above the sample to suck the 
sediment out of the river bed, as described by Maitland (1969). This modified approach to 
sampling was found to be adequate for all sediments encountered, and enabled samples 
of a known size and depth to be taken irrespective of particle size. Samples were taken 
from a depth of 10-15cm below the sediment surface to include the rooting zone of most 
submerged, rooted macrophytes. This sampling depth is consistent with studies of 
phosphorus release that have indicated that exchange processes can involve sediments 
down to 10cm depth (Forsberg, 1989); the view that 12-15cm may be considered the 
"active layer" of the sediments where processes leading to phosphorus release were 
likely (Pitt et aL, 1997; Lijklema, 1998); and the statement that, in shallow lakes at least, 
1 Ocm below the surface is the limit to which turbulence can disturb and mix the sediments 
(Wetzel, 1983). 
Sediment samples were placed in self-sealing polythene sample bags and transported to 
the laboratory in an icebox to keep the samples cool and in the dark, and thus minimise 
the chance of chemical changes within the sediment. In the laboratory, samples were 
kept refrigerated at approximately 40C until analysed (as soon as possible and nearly 
always within one month of collection), or the sample was dried and prepared for 
chemical analysis. The preparation and analysis of the sediment samples is described in 
Part 11 of this chapter. 
3.3.3 Water Sample Collection 
Water column nutrient concentrations were required to provide a context to the sediment 
variables which were considered central to this study. The Environment Agency monitors 
water chemistry parameters at or near all of the 17 sites on a monthly basis. These 
archive data were used (Section 3.10) to provide more accurate time-integrated 
information on water column nutrient concentrations. However, water samples were 
collected and analysed as part of the field data collection programme to give some 
indication of whether the day of sampling could be considered typical of the nutrient 
regime of the individual sites (see Section 3.10). 
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Figure 3.2 Design of corer used for sediment sample collection (after Maitland, 1969) 
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At each site, one water sample was collected in an acid-washed polyethylene bottle from 
the upstream end of the survey reach in mid-channel at approximately 0.5 depth. The 
bottle was washed out with river water twice before the sample was taken. It was 
assumed mixing in the water column was complete throughout the study reaches. The 
samples were filtered using Whatman GF/C filters in a Millipore Pyrex filter holder to 
remove particulate material and minimise changes during transport and storage; thus 
only dissolved substances could be determined. These filters have been used in a 
number of other studies (cf. Landers, 1982). However, the filters will not remove the 
smallest particles or colloids (Broberg and Persson, 1988). Consequently, nutrient 
fractions determined in water that has been filtered in this way will not truly represent 
dissolved fractions. All samples were kept refrigerated (approximately 41, C) and analysed 
in the laboratory within 24 hours. The pH of the water (adjusted for temperature) was 
determined in the field using a Hanna Instruments HI 8424 microcomputer pH meter with 
H 11230 combination electrode. 
3.3.4 Macrophyte Survey Data 
To assess the influence of water and sediment chemistry upon the macrophyte 
community present, it is necessary to describe the species present and estimate the 
abundance or biomass of those species. Therefore, it is important that, in addition to the 
detailed information about macrophytes and their underlying sediments, some description 
of the entire macrophyte community is made. There are many (semk) quantitative 
techniques described in plant ecology literature that sample the plant community in a 
random manner using quadrats (cf. Kershaw and Looney, 1985). However, these 
techniques have rarely been applied in studies of river or stream macrophyte 
communities. 
The patchy nature of the riverine habitat and the tendency of submerged macrophytes to 
grow in distinct stands means that these quantitative methods developed for terrestrial 
communities are largely unsuitable. Additionally, when using macrophytes as indicators 
of environmental quality, it is the presence or absence of species which is of most use 
(Hellawell, 1986). Hence, surveys can not afford to miss the occurrence of one individual 
of a particular species. In response to this, most surveys of macrophytes in rivers have 
used a semi-quantitative and subjective assessment of macrophyte cover which has the 
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advantage of being rapid, and error is minimised if the same observer surveys all sites in 
a study (Greig-Smith, 1983). 
Subjective estimates of plant cover are often made using point scales, and two widely 
used scales are the Domin Scale and the Braun-Blanquet Scale which are 11 and 6 point 
scales respectively (Kershaw and Looney, 1985). The Department of the Environment 
(1987) manual on using macrophytes for water quality monitoring recommends the use of 
subjective cover estimates and describes three scales that may be adopted (Table 3.4). 
Table 3.4 Scales used in subjective estimates of macrophyte cover (Department of 
the Environment, 1987) 
Scale A Scale B Scale C 
Score % cover* Score % cover* Score % cover* 
I <0.1 1 <0.1 1 
2 0.1-1 2 0.1-5 2 
3 1-5 3 >5 3 
4 5-10 4 
5 >10 5 
<0.1 
0.1-1 
1-2.5 
2.5-5 
5-10 
6 10-25 
7 25-50 
8 50-75 
9 >75 
* this refers to the proportion of the river reach covered by the particular species based of 
the vertical projection of the plant parts 
Work developing the methodology for the Environment Agency MTR scheme has 
compared the outcomes of using these different scales. Holmes (1995) compared MTR 
calculations for 14 sites using presence only data and 9 point, 5 point and 3 point 
abundance scales. It was concluded that a3 point scale may be just a useful as a9 point 
scale. However, when the MTR methodology was finalised it was recommended that a9 
point scale (Scale C) be used for 1 00m lengths and a5 point scale (Scale A) for 500m 
reference lengths (Holmes et aL, 1999). 
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At each 100m river reach surveyed, a macrophyte survey was undertaken according to 
the MTR methodology to enable extrapolation of the findings to other streams where 
MTR surveys had been undertaken. The reach was waded in an upstream direction zig- 
zagging backwards and forwards across the channel, recording all species within the 
channel (submerged for more than 85% of the time). The individual percentage cover 
class of each species was determined according to the proportion of the survey reach 
covered, assuming a bird's eye view by individuals of the species. Surveys were 
undertaken only when water clarity was good (i. e. not during or after spate conditions) 
and a glass-bottom bucket was used to aid visibility. Full details of the methodology are 
given in Holmes et aL (1999). 
3.3.5 Physical Characteristics 
Interpretation of the data on relationships between macrophyte species and sediment 
characteristics requires that other factors that may influence macrophyte distribution are 
accounted for. A number of measurements of physical parameters within the reach were 
taken to provide this information. The parameters to be measured and the techniques 
employed were based on existing Environment Agency procedures: the MTR survey 
methodology (Holmes et aL, 1999) and the River Habitat Survey methodology 
(Environment Agency, 1997). 
Information about geology, site, channel geometry, substrate characteristics, habitat 
features, shading, and upstream and surrounding land-use was obtained either through 
archive sources or by direct measurement in the field. 
Geology: Both solid and drift geology need to be considered as geology is one of the 
chief factors influencing macrophyte distributions (cf. Butcher, 1933; Haslam, 1978; 
Holmes, 1983). Information on geology classes was from the National River Flow 
Archive (institute of Hydrology, 1999). 
Channel geometry: The size and shape of a channel reach determines the small-scale 
habitats available to macrophytes. Channel width and depth were estimated at each 
site visited. Width was determined by taking an average from five width 
measurements taken regularly along the 100m reach. Depth was estimated 
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subjectively by expressing the percentage of channel area within one of four depth 
categories - less than 0.25m; 0.25 - 0.5m; 0.5 -1m; and greater than 1m 
deep. 
Substrate Characteristics: Two characteristics of the substrate were considered: the 
composition of the bed materials to aid interpretation of the sediment samples 
collected; and the stability of the substrate to provide an indication of the potential for 
sediment movement. Both were determined qualitatively by expressing the 
percentages of the bed area that were comprised of various substrate types (bedrock, 
boulders, cobbles, pebbles, gravel, sand, silt, clay, peat and not visible) and the 
percentage of the substrate area deemed to be solid, stable, soft or unstable 
(subjective assessment). 
Habitat: Areas of flow variation and features within the channel are important in 
determining the microscale habitat of the channel. A qualitative assessment, again 
based on percentage of bed area, was made with features described as either pool, 
run, riffle or slack as per the Environment Agency, River Habitat Survey method 
(Environment Agency, 1997). 
Shading: A high degree of shading from overhanging vegetation can considerably 
affect the macrophyte community of a reach. A qualitative assessment of the 
percentage of the site shaded by overhanging trees and shrubs was made at each 
site. The percentage of each bank length with trees or overhanging vegetation was 
expressed. This was considered as either broken shade or dense shade depending 
on the nature of the vegetation. By measuring the potential for shade in this way, the 
information can be applied to the entire growing season. In contrast, direct 
measurement of shading with a light meter provides information relevant only to the 
time of sampling. 
Land-use: The land-use on the bank and directly upstream of a site may give some 
indication of the likely water, sediment and chemical inputs to the river. A simple note 
of floodplain land-use by class (woodland, scrub, pasture, arable, urban) was made at 
each site. Upstream land-use was determined from observation in the field and by 
reference to Ordnance Survey maps (1: 50 000) using the same land-use classes. 
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Further details of the way in which these variables were recorded are shown on the 
survey sheet (Appendix B). 
3.3.6 Upstream-Downstream Variability Study - Sampling Rationale 
In an extension to the survey approach two rivers (the Itchen and Test) were sampled at 
an extra site downstream of the main survey site. The two survey sites (methods 
described above) were upstream of a waste water treatment discharge and the extra pair 
of sites were downstream of these discharges. The MTR scheme is used to monitor plant 
communities in reaches upstream and downstream of sewage treatment works. Changes 
in the plant community are related to changes in the water column concentrations of 
nutrients, suspended solids and other solutes. The aim of this study was to look at 
upstream and downstream sections in a similar way, but to also consider the role of 
sediments and the effect of increased nutrient load on plant tissue concentrations. 
The Itchen and Test are chalk streams in Hampshire. Both have Site of Special Scientific 
Interest (SSSI) status in recognition of their species-rich macrophyte communities and 
important salmonid fisheries. These rivers were chosen for further study due to the 
conservation value of chalk streams, the UK Steering Group Report on Biodiversity notes 
that chalk streams are one of the most species-rich of lowland river types (HIVISO, 1995), 
and the importance of Ranunculds penicillatus subsp. pseudofluitans in these two 
streams. Ranunculus species have been identified as of key conservation importance 
due to their dominance in chalk streams, hence the reason why greater number of 
samples were collected for this genus during the survey phase of this research than for 
other species. Additional analysis of the sediment preferences of this species was 
considered likely to yield the most fruitful results. Ranunculus penicillatus subsp. 
pseudofluitans is by far the most abundant Ranunculus species in British rivers (Preston 
and Croft, 1997) and its ability to tolerate disturbance and stress has been studied, it is 
noted to be sensitive to shade and low water velocity (Spink, 1992). Additionally, the 
species is of interest as it has only moderate tolerance to eutrophication (Spink et aL, 
1993), as most of the rivers in the study area have experienced increasing nutrient 
loadings in recent years there is a potential for Ranunculus penicillatus subsp. 
pseudofluitans to be replaced by other species. For these reasons this study focused on 
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this particular species. The two rivers were suitable for further study due to the abundant 
Ranunculus penicillatus subsp. pseudofluitans stands both upstream and downstream of 
the waste water treatment discharge. 
The criteria used for the selection of the two downstream sites were the same as those 
used in selecting the 17 sites (Section 3.1.1) except that only one species was 
considered. By restricting the study to one species only, the problem of making 
inferences about macrophyte response to increased nutrient loading on the basis of 
information from plants with a different morphology or physiology is avoided. 
Data were collected at the downstream sites in the same manner as for the 17 survey 
sites (Section 3.3) with the exception that only ten sediment samples were taken at the 
downstream sites and that all samples were from beneath Ranunculus penicillatus subsp. 
pseudofluitans. It was ensured that ten of the sediment samples at the upstream sites on 
the two rivers were from stands of this species. Additionally, ten samples of Ranunculus 
penicillatus subsp. pseudofluitans tissue were collected from both upstream and 
downstream sites. Plant tissue was collected by harvesting the above-sediment material 
from a 10 x 10cm quadrat. Generally, field variation of biological material greatly exceeds 
any introduced during laboratory analysis (Allen, 1989). Therefore, it was important to 
collect samples from a variety of stands to get average values for a species in a given 
river reach. Samples were taken from different stands where possible although, where 
there were fewer than ten distinct Ranunculus penicillatus subsp. pseudofluitans stands, 
larger stands were sampled more than once. The quadrat was placed randomly by 
throwing it into an individual plant stand. Samples were placed in polythene sample bags 
and refrigerated until they were dried and prepared for analysis. 
The two upstream sites have been described in Section 3.2 above. The downstream sites 
of the two rivers were comparable in physical terms with the upstream sites and are both 
approximately 0.5 km downstream of the upstream sites. Figure 3.3 shows the locations 
of the paired sites on the two rivers. 
The upstream site of the Itchen was characterised by steep banks and overhanging trees 
in sections. The macrophyte community was dominated by abundant growths of 
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Cladophora agg. and Ranunculus penicillatus subsp. pseudofluitans stands. Apium 
nodiflorum, Callitfiche spp., Oenanthe fluviatilis and Fonfinalis antipyretica were also 
abundant and there were wide Rorippa nasturtium-aquaticum agg. margins. The 
downstream site was a meandering reach, more open in character but also with Rorippa 
nasturtium-aquaticum agg. margins. Macrophytes were abundant and species 
composition was similar to the upstream reach including, Cladophora agg., Callitfiche 
spp., Oenanthe fluviatifis, Ranunculus penicillatus subsp. pseudofluitans, Schoenoplectus 
lacustris, Sparganium erectum and Zannichellia palustris. 
The Test upstream site was open and largely unshaded, with numerous macrophyte 
stands. The reach had a predominantly gravel substrate, although the bed comprised 
finer material along the Carex riparia margins. The macrophyte community comprised of 
stands of Aplum nodiflorum, Callitfiche spp., Hippuris vulgaris, Ranunculus penicillatus 
subsp. pseudofluitans, Schoenoplectus lacustris and Zannichellia palustris. There were 
Cladophora agg. growths within the plants stands. The downstream reach was of similar 
width, but was deeper at some points. Apium nodiflorum, Callitfiche spp., Hippuris 
vulgaris, Ranunculus penicillatus subsp. pseudofluitans, Schoenoplectus lacustris, 
Sparganium erectum and Zannichellia palustris were all abundant in the downstream 
reach. 
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Figure 3.3 a) Map showing the locations of the upstream and downstream sites 
on the Itchen. 
Reproduced from 1997 Ordnance Survey map with the permission of the 
Controller of Her Majesty's Stationery Office, @ Crown Copyright NC/00/1 233. 
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Figure 3.3 b) Sketch map showing the locations of the upstream and downstream sites 
on the Test. 
Reproduced from 1997 Ordnance Survey map with the permission of the 
Controller of Her Majesty's Stationery Office, @ Crown Copyright NC/00/1 233. 
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PART 11 
3.4 Laboratory Analysis of Water, Sediment and Plant Tissue 
Part 11 describes the techniques used to analyse the water, sediment and plant tissue 
samples collected at the sites. A brief review of alternative techniques is provided where 
appropriate to justify the final choice of methods. 
3.4.1 Laboratory Glassware 
All glassware used in the laboratory was washed in a general purpose detergent, rinsed, 
then washed in nitric acid (-10% GPR) and rinsed three times with distilled water before 
use. Separate glassware and materials were kept for all phosphorus analyses, these 
were washed with a phosphate free detergent (-10% Decon 90) followed by an acid 
wash with sulphuric acid (-10% GPR) and rinsed three times with distilled water. 
3.5 Water Sample Analysis 
Water samples were analysed using rapid and simple techniques as samples were 
intended to give only a general indication of prevailing nutrient regime. Monthly water 
chemistry data from the Environment Agency were collated to provide indication of longer 
term trophic status (Section 3.10). Details of sample collection and storage have been 
given in Section 3.3.3. Water analyses were performed using a Hach DR/2000 
Spectrophotometer and associated procedures (Hach, 1992). Four water chemistry 
variables were determined for the filtered (Whatman GF/C) samples - inorganic 
phosphate, nitrate, nitrite and ammonia. 
3.5.1 Molybdate Reactive Phosphate 
Molybdate reactive phosphate in filtered samples was measured as P043- using the 
amino acid method (Method 8178 Hach, 1992). The method is a modification of the 
conventional molybdophosphoric acid method (see Section 3.7.8) using amino acid rather 
than ascorbic acid to reduce the solution and create the blue colour which is measured by 
spectrophotometry (530nm) (Hach, 1992). The method is suitable for phosphate 
concentrations in the range 0-30.00mgl-l P043- and has a precision of approximately 
0.02 mgl-' (Hach, 1992). 
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3.5.2 Nitrate 
Nitrate, as N03--N, was determined by the Hach modification of the cadmium reduction 
method (Methods 8039 and 8171 Hach, 1992). The nitrate is reduced to nitrite in this 
method, hence there is the possibility of nitrite interference. In an acidic environment, the 
nitrite reacts with sulphanilic acid forming a diazonium salt which couples with gentisic 
acid giving an amber colour to be measured spectrophotometrically (500nm and 400nm 
for methods 8039 and 8171, respectively) (Hach, 1992). A compensation for nitrite 
interference is described in which bromine water is added drop by drop to enable results 
to be reported as total nitrate and nitrite, nitrate can then be determined by subtracting 
the nitrite value measured separately. This compensation was found to produce results 
with poor reproducibility and as nitrite concentrations were typically low relative to nitrate 
concentrations (frequently two orders of magnitude smaller) the interference was ignored. 
Nitrate concentrations in the range 0-30.00 mgI-1 and 0-4.5 mgI-1 NOY-N could be 
determined using methods 8039 and 8171 respectively. Precision levels of +/-0.8mgl-l and 
+/- 0.1 mgI-1 are possible for methods 8039 and 8171, respectively (Hach, 1992). 
3.5.3 Nitrite 
Nitrite concentrations, as N02--N, were determined using the diazotization method and 
the ferrous sulphate method (Method 8507 and 8153 Hach, 1992). In method 8507 nitrite 
reacts with sulphanilic acid, forming an intermediate diazoniurn salt which with 
chromotrophic acid creates a pink complex which is measured spectrophotometrically 
(507nm) (Hach, 1992). Using method 8507 N02--N can be measured in the range 0- 
0.300mgl-l with a precision of around +/. 0.001mgl-1 NOT-N. Method 8153 is used for 
higher nitrite levels (0-1 50mgI-1 NOT), nitrite is reduced to nitrous oxide which complexes 
with ferrous ions giving a green-brown colour which is measured spectrophotometrically 
(585nm). It has a precision of +/-2.2 mgI-1 N02-N (Hach, 1992). 
3.5.4 Ammonia 
Nitrogen present as ammonia was measured as NH3-N using the Nessler method 
(Method 8038 Hach, 1992). Nessler reagent reacts directly with ammonium ions creating 
a yellow complex which is measured on the spectrophotometer (425nm). The range of 
the method is 0-2.50mgl-l with a precision of +/-0.015 mgl-1 NH3-N (Hach, 1992). 
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3.6 Preparation and Analysis of River Sediments 
The following sections describe the preparation of the sediment samples for analysis and 
the methods used to determine various characteristics of the sediment. 
3.6.1 Sediment Preparation and Subsampling 
Many of the chemical analyses employed require dried samples sieved and ground to 
give the finest fractions. There are two main reasons for using the finer fractions for 
analysis - most nutrients are associated with the finest particles such as the clays and 
silts (Stone and English, 1993), and by creating more homogenous samples 
reproducibility of analysis is improved particularly when very small quantities of sediment 
are being analysed (as is typically the case). Samples were ground to <250ltm for 
chemical analyses as recommended by Svendsen et aL (1993) for total phosphorus 
analysis. The procedure followed for the subsampling and preparation of the rivers 
sediments is outlined in Figure 3.4. 
Initial separation of the sample was appropriate only for the 20 upstream and 
downstream sediment samples of the Itchen and Test sites where a sequential extraction 
of inorganic phosphorus was attempted (Section 3.7.6). This analysis requires that 
samples are wet and as close to "field state" as possible. Preparing sediment samples 
from all other rivers the whole sample was dried then separated and sieved to give the 
different fractions outlined in Figure 3.4. All sample drying was undertaken overnight in a 
laboratory oven at 11 OOC. Sieving was performed using Endecotts test sieves which were 
rinsed several times with distilled water between samples. 
3.6.2 Moisture Determination 
As sequential inorganic phosphorus extractions were performed on wet sediments and it 
is standard practice to express elemental contents on a dry weight basis, it was 
necessary to determine the moisture content of the sediments to allow a calculation of dry 
weight of sediment used in the extraction. This was achieved by drying a sub-sample of 
sediment in a porcelain crucible overnight at 1 100C, cooling in a desiccator and weighing 
the sample both before and after drying (cf. Gardner, 1986). Moisture content was 
expressed as a percentage of dry weight and used to calculate the dry weight equivalents 
of wet sediments extracted. 
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Figure 3.4 Flow chart showing stages of sediment sample preparation, subsampling and 
analysis. 
*only performed on Itchen and Test sediments (longitudinal study) 
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3.6.3 Organic Matter Determination 
There are a number of procedures in use for the determination of organic matter content 
of soils, although none of the methods give a satisfactory determination (Nelson and 
Sommers, 1982). All methods destroy the organic matter either by oxidation or ignition 
and then the quantity of organic matter may be determined by measuring the loss in 
weight that occurs as a result of this destruction. The two most commonly employed 
methods are the use of H202 to oxidise organic material or ignition at approximately 
5000C. The former method gives a poor estimate of organic matter because the oxidation 
of material is complete and the latter method gives incorrect values because structural 
water in the soil is lost and carbonate minerals may be decomposed (Nelson and 
Sommers, 1982). Clearly there is no completely suitable method for the determination of 
organic matter in soils or sediments. As organic matter determination was not the focus of 
this research the simple method of loss on ignition was employed with no pre-treatment 
with acid solutions. A sample of oven dried soil was ignited overnight in a Gallenkamp 
muffle furnace (4500C), cooled in a dessicator and weighed, the loss in weight was taken 
to indicate the organic matter content of the sample according to the method of Rowell 
(1993). 
3.6.4 Particle Size Analysis 
Particle size analysis was performed on each sample to allow relationships between 
proportions of certain sediment size classes and nutrient concentrations to be 
investigated and to quantify the physical nature of each sediment sample. A full grain- 
size distribution based on 1.0 phi intervals was considered too time consuming and 
inappropriate for this particular study. Variations between different samples on such a 
high resolution scale could mask relationships between more general measures of 
particle size (such as percentage of fines) and other sediment characteristics. 
Consequently, sieve analysis was used to separate samples into the proportion of fines 
(silt and clay), sands and gravels. 
The portion of the sample prepared for particle size analysis was oven dried and all 
organic material visible to the naked eye was removed by hand. Treatment with hydrogen 
peroxide solution to destroy organic matter was avoided because it was considered too 
time intensive and would have required a pre-treatment to destroy carbonates (Ball, 
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1976; Gee and Bauder, 1986). Samples were then sieved using a combination of dry and 
wet sieving techniques. 
The sample for particle size analysis was sieved to remove and discard the >4mm 
fraction, as it was considered that the sampling technique employed (Section 3.3.2) did 
not satisfactorily sample large gravel sized particles. Approximately 50-100g of sample 
was weighed out as the initial sample. Dry sieving with a 2mm sieve allowed 
quantification of the smallest gravel fraction. The remaining sample (<2mm) was wetted, 
25ml sodium hexametaphosphate (Calgon) solution was added to disperse clays and the 
sample was thoroughly mixed using a electric hand whisk, being careful not to break up 
individual particles. The sample was left in the Calgon solution overnight then wet sieved 
using a 63ýtm sieve, washing through with distilled water. The sand-sized material 
retained by the sieved was collected, dried and weighed, the material passing through 
the sieve was discarded. Thus, the proportion of fines was determined by difference 
(initial weight minus gravel and sand weight); losses of gravel and sand during sieving 
were therefore assumed to be negligible. 
3.7 Determination of Sediment Phosphorus Concentrations 
This section describes the three analytical techniques employed to determine 
concentrations of various phosphorus fractions within the sediment. A discussion of the 
problems in selecting an appropriate technique for the determination of an ecologically 
significant or bioavailable fraction is included. 
3.7.1 Total Phosphorus Determination 
The dynamic nature of nutrients in natural systems (see Chapter Two), particularly 
freshwater systems, means that often estimates of a particular fraction are meaningless 
in long term studies. Furthermore, it has been recommended that to evaluate trends in 
surface water quality emphasis should be on the total nutrient fraction (Heathwaite et aL, 
1996). Changes in environmental conditions result in changes in the proportions of a 
given nutrient extant in a particular phase or state (Chapter Two, Part 1). That which is 
available to plants at a particular instant may quickly become transformed into an 
unavailable form under certain environmental conditions. If total concentrations of 
nutrients are estimated in addition to bioavailable forms, some indication of potential 
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bioavailability may be obtained. This approach is in accordance with research showing 
plant use of organic nutrient forms (cf. Bonetto et aL, 1988). In order to give an indication 
of this potential availability total phosphorus concentrations in sediment samples were 
determined in addition to estimates of inorganic phosphorus concentrations. 
The determination of total phosphorus concentrations in soils or sediments is achieved by 
converting all phosphorus forms into a form appropriate for orthophosphate analysis. 
Olsen and Sommers (1982) describe two general approaches to total phosphorus 
determination - fusion using Na2CO3 or digestion with HC104 or other acids. Digestion 
procedures with H2SO4 are most widely used (Department of the Environment, 1986; De 
Groot and Golterman, 1993; Best et aL, 1996) although others have used ignition 
followed by digestion with acids (Andersen, 1976; Engle and Samelle, 1990; Svendsen et 
aL, 1993). Although the ignition method is more precise and straightforward than 
extraction methods, it can lead to overestimation or underestimation of organic 
phosphorus (Olsen and Sommers, 1982). To ensure comparability with published results 
the method using digestion with H2SO4 was adopted. 
Total phosphorus analyses were undertaken by WRc Limited, Medmenham, Bucks, UK, 
who adopted the following method. Approximately 5g of ground sediment (<25OPm) was 
digested with H2SO4 and sodium sulphate, in the presence of a copper sulphate catalyst. 
This procedure converts all phosphorus compounds to orthophosphate by oxidation and 
hydrolysis. The digest can be analysed for both nitrogen and phosphorus. The 
concentration of orthophosphate in the digest was determined by an automated 
molybdenum blue method (Section 3.7.8). The limit of detection is approximately 2ltg/g 
and analysis of ten 1 00ýtgl-' standards gave a standard deviation of 1.1 [tgi-I. 
3.7.2 Determining Bioavailable Sediment Phosphorus 
Total phosphorus concentrations will provide an indication of the magnitude of the 
phosphorus sink/source in the sediments. However, there will be component fractions of 
total phosphorus that will remain in the sediments under most environmental conditions 
(Section 2.4.2) and as a consequence will be of no significance to rooted macrophyte 
species. Clearly, there are many situations where it will be desirable to separate the total 
concentration of phosphorus in the sediment into different fractions. In this study there 
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was an obvious need to quantify the proportion of sediment phosphorus that would be 
available or could become available to rooted macrophytes. 
The total phosphorus content of river sediments is the sum of the phosphorus contained 
within the interstitial water and the sum of different phosphorus fractions associated with 
the sediment particles themselves (Section 2.3.2). These different sediment phosphorus 
components have been used in different studies of lake and river sediment nutrient 
dynamics. Some studies have considered the concentrations of phosphorus in the 
interstitial water pool to be of importance (Chambers et aL, 1992) and this fraction will be 
readily available to plant roots. However, the overall contribution of interstitial water 
phosphorus to the overall sediment phosphorus pool is very small (<I%) (Bostr6m et aL, 
1988b; Enell and L6fgren, 1988). Additionally, due to the high degree of spatial and 
temporal variability in interstitial phosphorus concentrations (Section 2.3.3); the potential 
for continual mixing with the overlying waters through water flow in the subsurface zone; 
and the difficulty in obtaining and analysing interstitial waters (cf. Enell and Ogren, 
1988) interstitial phosphorus concentrations were not measured during this research. It is 
proposed that measurements of interstitial phosphorus are best employed during 
temporal studies where short-term fluctuations may be averaged out. 
Analysing only the phosphorus associated with the solid phase of the sediment usually 
requires some separation of different inorganic and organic fractions. As plants may only 
use inorganic phosphorus one approach may be to determine the inorganic fraction of 
sediment phosphorus. Other approaches have used anion-exchange resins (Sonzogni et 
aL, 1982) or iron oxide-impregnated paper strips (Sharpley, 1993) to cause desorption of 
particular phosphorus fractions from the sediments. Alternatively, it is possible to divide 
further the inorganic fraction into separate phosphorus forms, in recognition that some 
inorganic minerals are unlikely to be bioavailable, through the use of sequential 
phosphorus extraction schemes. 
3.7.3 Sequential Extraction of Inorganic Sediment Phosphorus 
Sequential extraction schemes quantify discrete chemical or mineralogical compounds by 
selectively removing them from the sediment (Pettersson et aL, 1988). Usually, the 
sediment sample (pellet) is extracted in a solution for a specified time period after which 
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the supernatant is poured off and analysed for phosphate, a second solution is poured 
onto the sediment pellet and the second extraction begins. This procedure is repeated 
until all extractions are completed, the exact number depending on the method 
employed. In recent years most investigations of sediment phosphorus concentrations 
and phosphorus dynamics in freshwater systems have employed a sequential extraction 
scheme to separate different phosphorus fractions. There are a number of different 
approaches to separating the different fractions. A brief review of the development of 
sequential extraction schemes and a consideration of the applicability of such schemes is 
given here. 
Early work on phosphorus fractionation schemes for sediments (Williams et al., 1971 a; 
Williams et aL, 1971b; Williams et al., 1976) was based on modifying the technique 
developed for terrestrial soils by Chang and Jackson (1957) to sequentially extract labile 
phosphorus, aluminium-bound phosphorus, iron-bound phosphorus, calcium-bound 
phosphorus, reductant-soluble phosphorus and refactory phosphorus with acid and alkali 
extractants. The final modification was a technique using CDB and NaOH to extract non- 
apatite phosphorus followed by a HCI extraction of apatite phosphorus (Williams et a/., 
1976). Hieltjes and Lijklema (1980) highlighted the problem with this technique in allowing 
resorption of phosphorus onto carbonates during the NaOH extraction unless calcium 
carbonate was removed. 
Hieltjes and Lijklema (1980) modified the technique focusing on chemical characterisation 
and used NH4CI, NaOH and HCI to extract labile phosphorus, iron- and aluminium-bound 
phosphorus and calcium-bound phosphorus, respectively. The authors argued the need 
for chemical characterisation of the extracted fractions to aid understanding of 
phosphorus dynamics across the sediment-water interface and opted to extract iron- and 
aluminium-bound phosphorus together rather than in separate steps. Through a 
comparison with earlier methods, including that of Williams et aL (1971b), Hieltjes and 
Lijklema (1980) demonstrated that using the revised method the resorption problem was 
less significant. However, even with the Hieltjes and Lijklema (1980) method there is a 
possibility of dissolution of small amounts of iron- and aluminium-bound phosphorus by 
the first extractant (NH4CI) (Pettersson et aL, 1988) and resorption of released iron- and 
aluminium-bound phosphorus onto CaC03 has been observed using this method 
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(Golterman, 1996). Nevertheless, the Hieltjes and Lijklema (1980) approach is currently 
the most commonly used extraction technique offering a better alternative to the earlier 
methods of Williams et al. (Williams et al., 1971a; Williams et al., 1971b; Broberg and 
Persson, 1988). 
An alternative modification of the methods of Williams et al. (Williams et aL, 1971a; 
Williams et aL, 1971b) was proposed by Ruttenberg (1992). The SEDEX procedure 
separates exchangeable phosphorus, reactive ferric-bound phosphorus, apaptite and 
organic phosphorus (Ruttenberg, 1992). The significant feature of this method is that the 
sediment sample is washed with MgC12 and H20 between extraction steps to minimise 
the likelihood of resorption; however, this may lead to unnecessary losses of the 
sediment pellet. 
In recognition of the problems associated with extraction schemes based on acid and 
alkali solutions Golterman et aL devised an alternative approach which may be described 
as a functional extraction using complexing agents to bind with metals and other 
elements and thus release any phosphorus associated with these elements (Golterman, 
1976; De Groot and Golterman, 1990; De Groot and Golterman, 1993; Golterman, 1996). 
They argued that sequential extraction schemes are essentially operational and reveal no 
information about the chemistry of phosphorus compounds; in contrast, functional 
extractions use the chemical nature of the phosphorus compounds to bring phosphorus 
into solution and thus their use may aid our understanding of the structure and chemistry 
of phosphorus in sediments (De Groot and Golterman, 1990). 
The initial functional approach used the chelating agent 0.01 M NaNTA at a pH of 7.0 to 
extract a part of inorganic phosphate that was similar in quantity to that phosphate used 
by the alga Scenedesmus spp. (Golterman, 1976). The rationale behind the method is 
that the chelating compound extracts metal bound phosphorus without affecting clay- 
bound or organic phosphorus. This is achieved by NTA complexing with metals and 
releasing phosphate. More recently the technique has developed into a sequential 
procedure, the "EDTA method", using CaNTA and NaEDTA to extract iron- and 
aluminium-bound phosphorus and calcium-bound P, respectively (Golterman, 1996). 
Pettersson et aL (1988) in their review of analysis techniques described the scheme as 
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promising but argued that it must be tested on a number of sediments with different 
characteristics before it could be evaluated. Further advances in the technique have also 
attempted to further divide the organic phosphorus pool (De Groot and Golterman, 1993). 
3.7.4 Comparison of Sequential Extraction Schemes 
A number of studies, such as that of Hieltjes and Lijklema (1980), have compared 
different fractionation schemes. Other investigations have assessed the performance of 
specific fractionation schemes such as Ruttenberg's (1992)'s SEDEX extraction (Baldwin, 
1996). However, direct comparisons between methods are difficult because of the 
inherent variability of freshwater sediments and there are few control materials suitable 
for testing extractions; few commercially available phosphate minerals other than apatite 
have been identified in freshwater sediments and most minerals derive from diagenetic 
processes within the sediment (Pettersson et a/., 1988). 
Additionally, there have been a number of experiments comparing conventional 
sequential extraction schemes using strong acid and alkali extractions with the more 
recent functional approaches. A comparison of the traditional NaOH and HCI/H2SO4 
extraction scheme of Hieltjes and Lijklema (1980) and the EDTA scheme was made on 
Camargue and Lake Balaton sediments (De Groot and Golterman, 1990). The chelating 
compound (Ca-NTA) was found to extract between 2 and 10 times the amount of iron- 
bound phosphorus than the NaOH extraction. In contrast, approximately twice as much 
calcium-bound phosphorus was extracted by the Hieltjes and Lijklema (1980) scheme 
than by using Na-EDTA in the functional scheme. De Groot and Golterman (1990) 
attributed this to resorption of iron-bound phosphorus onto calcium carbonate in the 
NaOH scheme. Further comparisons of the two methods were made by Golterman 
(11996). Key findings were that NaOH extraction results depended on extraction times and 
that a second extraction (not recommended in the original method) would extract even 
more iron-bound phosphorus. The experiments also indicated that the functional scheme 
could be improved by lowering the pH of the EDTA extraction step and substituting 
CaNTA with Ca-EIDTA (Golterman, 1996). 
A comparison of eight different schemes, including those of Williams et aL (1971b), 
Hieltjes and Lijklema (1980) and Golterman (1976) has been undertaken (Nair et a/., 
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1993). The authors considered that the Hieltjes and Lijklema (1980) method gave 
satisfactory results for routine analysis but was not the most suitable for the marine 
sediments analysed. High variability between methods was found highlighting the need to 
match the method chosen to the particular aims of the study. Barbantil et al. (1994) 
compared an EDTA method with two sequential extraction schemes and concluded that 
although resorption of phosphorus was less in the chelating compounds approach, this 
method could be significantly biased where there were high concentrations of detrital 
apatite as there was incomplete dissolution of this fraction using NaEDTA. 
3.7.5 Bioavailability of Phosphorus Fractions Extracted by Sequential Schemes 
Major problems associated with the fractionation methods described above are first, 
confirming that the fractions quantified are from the compounds thought to be extracted; 
and secondly, relating the fractions to those phosphate compounds that are bioavailable. 
The former problem is highlighted by the partial decoupling between inorganic sediment 
composition and the phosphorus speciation determined by the SEDEX sequential 
extraction scheme (Baldwin, 1996). In response to this problem Pettersson et at. (1988) 
recommended that operational definitions continue to be used until the composition of 
sediment phosphorus extracted by each extractant is known. 
Many studies have sought to determine the availability of different phosphorus forms in 
freshwater systems to plants (see review by Bostr6m et aL (1988b)). However, most 
frequently it is algal availability that has been considered through the use of bioassays; 
relatively little attention has been given to the fraction utilised by higher plants and 
consequently little is known about the availability of sediment nutrients for rooted 
macrophytes (Golterman, 1995, see also Section 2.7). However, the algal available 
fraction may be of either direct or indirect significance to macrophytes. It is possible that 
plants may be able to utilise the same phosphorus fractions as algae, although the 
presence of roots in aquatic macrophytes suggests that the plants may be able to obtain 
sediment nutrients to a greater degree than algae. 
Algal cultures of Scenedesmus spp. were employed to identify the phosphorus fractions 
of importance to algal growth with algal uptake being compared with concentrations 
determined analytically (Golterman, 1976). Results indicated that a soil extraction 
147 
scheme (Chang and Jackson, 1957) and the NaOH scheme (Williams et aL, 1971b) had 
different mean values to those obtained in the bioassays. In contrast, amounts of 
phosphate extracted with NTA were equal (within expected experimental error) to the 
amount used by the algae. A similar approach, again using a Scenedesmus spp., found 
non apatite inorganic phosphate (iron- and aluminium-bound phosphorus) to be closely 
related to cell uptake but as this fraction was also related to organic phosphorus 
concentrations no clear conclusions could be made (Williams et aL, 1980). Good 
correlations were found between the sum of iron- and calcium-bound phosphorus 
extracted with chelating compounds and bioavailable sediment phosphate but no 
correlation between bioavailabilty and iron-bound phosphorus only (De Graaf 
Bierbrauwer-W6rtz and Golterman, 1989). This suggests that apatite, which is 
conventionally thought to be unavailable, is available in some forms, for example, when 
coprecipitated with CaC03 (Golterman, 1995). Fabre et aL (1996) also found that NTA-P 
best predicted phosphorus uptake by Scenedesmus crassus cultures, although other 
workers have found NaOH extracted phosphate to be most closely related to algal growth 
(Dorich et aL, 1985; Engle and Samelle, 1990). 
The conclusion from bioassay approaches is that either NTA or NaOH extractable 
phosphorus is the best approximation of the phosphorus available for algal use. As these 
methods both purport to determine the iron- and aluminium-bound phosphorus it is a 
logical to assume that these are the fractions used by algae. Such an assumption 
depends on a direct relationship between the chemically extracted fractions and the 
phosphorus used by algae and the chemicals actually extracting these metal bound 
phosphates. A problem with extending the algal bioassay results to actual sediment-water 
systems is that results are based on single species cultures of only a few species 
(Scenedesmus spp. and Selanastrum spp. ). However, the view that an NaOH extracted 
fraction represents bioavailable phosphorus has been encouraged by the number of 
studies that have used NaOH to extract bioavailable phosphorus (Anderson and Kalff, 
1986; Chambers et aL, 1989; Pelton et aL, 1998). 
3.7.6 Selection of a Sediment Phosphorus Fractionation Scheme 
A review of the techniques most commonly employed in studies of sediment phosphorus 
indicates that there is no single established technique and that comparison studies have 
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produced widely differing results. Additionally, there are problems in relating the separate 
phosphorus fractions obtained to the proportion of phosphorus which is ecologically 
significant. In view of these outstanding problems and the time-consuming nature of 
these fractionation techniques, particularly considering the need to apply these methods 
as quickly as possible after sampling to avoid shifts in the relative proportions of different 
fractions, fractionation approaches were considered inappropriate to the needs of this 
research. However, for the upstream-downstream comparison study on the Itchen and 
Test the effect of increased water column phosphorus loadings upon the sediment may 
be a change in the forms in which phosphorus is present in the system as well as 
changes in overall quantity. Given the limited number of sediment samples to be 
analysed for this aspect of the study, it was decided that it would be feasible to attempt a 
fractionation of the sediment phosphate. All other samples were analysed for inorganic 
phosphorus as a whole (Section 3.7.7). 
Three methods were considered in selecting an appropriate procedure for the upstream 
and downstream comparison samples. These methods were selected according to the 
following criteria - the method should be commonly used in the literature to ensure some 
comparability of results and the method should allow the determination of iron- and 
aluminium-bound phosphorus as this is (or is correlated with) algal available phosphorus. 
The methods of Hieltjes and Lijklema (1980), Dorich et al. (1985) and Golterman (1996) 
were compared. The Dorich et al. (1985) method is essentially a modification of the first 
method, although recognising NaOH extracted phosphate as algal available, this method 
omits the first two NH4Cl extractions used by Hieltjes and Lijklema (1980). Extractions 
were performed on two river sediments from the Allen and the Dove at the end of the first 
season of fieldwork. The Allen is on chalk and has mineral based gravel sediments, the 
Dove by contrast is on a clay geology and has sediments fairly rich in organic matter, 
Phosphorus was determined in the extracts by the method outlined in Section 3.7.6. The 
results are shown in Table 3.5. 
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Table 3.5 Results of extractions on two river sediments 
(all figures are averages based on duplicate extractions and expressed as 
ýig/g dry weight) 
Extraction Scheme Labile-P iron- and aluminium-bound P 
Allen Dove Allen Dove 
Hieltjes and Lijklerna (1980) 9.3 11.6 7.0 154.1 
Dorich et al. (1985) -- 10.9 48.2 
Golterman (1996) 8.4 68.4 
The results demonstrate that the two extractions using NH4Cl in the Hieltjes and Lijklema 
(1980) method increase the amount extracted by NaOH in the Dove sediments but may 
decrease the amount extracted from Allen sediments. This is probably related to 
resorption of phosphorus, the two NH4Cl extractions partially remove carbonates 
preventing resorption during the NaOH step (Barbanti et aL, 1994); the lower extractions 
for Allen sediments may be explained by the high CaC03 content of the sediments. The 
NaOH extractions and EDTA extractions gave similar values for iron- and aluminium- 
bound phosphorus in the Allen sediments but the performance of the NaOH extraction 
was better when extracting the Dove sediments. The results indicate the influence of the 
sediment type and composition in the success of the different schemes. 
Given the higher values for iron- and aluminium-bound phosphorus in the above trial and 
the relative complexity of the Golterman (1996) method, which requires adjustment of the 
EDTA quantity depending on the amount of carbonates present, the Hieltjes and Lijklema 
(1980) method was chosen for the sequential extraction of sediment phosphorus. The 
NH4Cl step was retained on the basis of the above results and findings of other 
researchers (Russell, pers. com. ). The exact protocol used is given in Table 3.6. 
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Table 3.6 Scheme utilised for the sequential extraction of sediment phosphorus 
(Hieltjes and Lijklema, 1980) 
Extraction Phosphate Extracted 
Two consecutive extractions of 2 hours 
each with 50ml 1M NH4Cl Labile 
17 hours with 50ml 0.1 M NaOH Iron- and aluminium-bound 
24 hours with 50ml 0.5M HCI Calcium-bound 
Extractions were performed on approximately 1g (dry weight) of wet sediment (<2mm) in 
100ml polypropylene centrifuge tubes. Preliminary extractions to find optimal quantities 
and conditions indicated that reproducible results could only be achieved by 
homogenising the sample through sieving to less than 2mm. After each extraction period 
extractants were centrifuged and filtered (Whatman 541, filter papers). The sediment 
pellet remained in the tube for the next extractant, no washing of the pellet was 
undertaken between extractants. 
Phosphate in the extracts is in the form of orthophosphate, which was determined 
according to the method of Murphy and Riley (1962) (Section 3.7.8). Solutions containing 
orthophosphate extracted in NaOH and HCI were strongly alkaline and acidic respectively 
but were neutralised during dilution prior to colorimetric determination. In many samples 
the NaOH extract could not be analysed by colorimetric methods due to interference from 
a precipitate formed when the extract was acidified during phosphate determination. This 
precipitate is believed to consist of humic acids and has been observed elsewhere (cf. 
Paludan and Jensen, 1995). Additionally, Golterman (1995) has noted that the NTA 
extraction may also extract humic acids in a similar way, 
As this precipitate commonly contains a significant proportion of the phosphorus 
extracted (Paludan and Jensen, 1995), it was not possible to centrifuge or filter the 
sample prior to the acidification step. An attempt was made to circumvent the problem by 
analysing the NaOH extract by a non-colorimetric method. The extracts were analysed 
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through inductively coupled plasma emission spectroscopy (ICP) (cf. Walsh and Howie, 
1980). However, the ICP determination is less sensitive than the colorimetric method 
(minimum level of detection -5ýtg/g P) and the NaOH matrix caused interference due to 
high sodium levels, consequently, only the highest phosphorus concentrations in the 
extracts could be detected and this was with poor accuracy and precision. As a 
consequence the sequential extraction scheme had to be abandoned. 
3.7.7 Determination of Inorganic Phosphorus by Single Extraction 
As mentioned in Section 3.7.6 the fractionation of sediment phosphorus is time 
consuming and can not be applied to the analysis of many river sediments due to the 
problem of precipitation of humic acids. Given the debate regarding the bioavailability of 
different phosphorus fractions a simple extraction of inorganic phosphorus was 
considered to be adequate to indicate the fraction of total sediment phosphorus that may 
be potentially available to macrophytes. 
The number of samples for analysis prohibited the rapid analysis of samples. 
Consequently, there was limited merit in separating the different inorganic fractions as it 
is likely that the relative proportions of these would have altered during the unavoidable 
storage period. Additionally, the wide variety of sediment types encountered during this 
study would have implications for the reproducibility of methods treating sediments with 
different moisture contents and particle size distributions, this can be overcome by the 
use of dried and ground sediment samples. An estimate of the inorganic phosphorus 
concentration in oven dried and ground (<250pm) sediments was performed through an 
extraction with boiling IM HCI according to the method of Andersen (1976) with the 
suggested modifications of Svendsen et aL (1993). 
Approximately 2. Og of oven dried sediment (<250ýtm) was placed in a conical flask with 
25ml 1M HCI (if carbonates were present extra acid was added to ensure a low pH), the 
flask was stoppered placed on a hot plate and heated. After 20 minutes boiling the flasks 
were removed, cooled and the solution filtered (Whatman 541, filter papers) and made up 
to 100ml. The solution was then analysed for orthophosphate following the method 
modified from Murphy and Riley (1962) (Section 3.7.8). 
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It is acknowledged that this method may overestimate the phosphorus available to rooted 
aquatic macrophytes as it includes apatite and it is possible that the strength of the 
extractant combined with heating may, hydrolyse part of the organic fraction. This 
extraction of organic forms, if any, would appear to be constant according to results from 
replicate extractions. However, there is evidence that certain forms of apatite may be 
available to algae (Golterman, 1995) (Section 3.7.5) and that plants through the action of 
their roots may significantly alter the physical and chemical nature of the sediment 
environment (Section 2.9.4), thus influencing the release and retention of sediment 
phosphorus. Equally, the organic phosphorus fraction may be large (De Groot and 
Golterman, 1993) and subject to rapid mineralisation and therefore cannot be ignored 
completely when considering bioavailable phosphorus. Even if the bioavailability of 
sediment phosphorus had been established through experimentation it is unlikely that 
any relationship would be universal either spatially or temporally. 
3.7.8 Determination of Orthophosphate in Solution 
A variety of methods have been developed for the analysis of orthophosphate in water 
samples, a review of these methods is given by Broberg and Persson (1988). Once 
phosphate has been extracted from a soil or sediment and is in solution the quantification 
of phosphate can proceed as for a water sample. Therefore, phosphorus in soil extracts 
can be determined by most of the methods developed for the analysis of water. 
Phosphate in all sediment extracts was determined by the most commonly used and 
most reliable method of orthophosphate determination (Broberg and Persson, 1988), that 
using a phosphomolybdate complex (Murphy and Riley, 1962). 
The phosphomolybdate or molybdenum blue method has been tested and modified by 
many workers (cf. Broberg and Persson, 1988). However, preliminary tests on both 
standard phosphorus solutions and samples indicated that the original method of Murphy 
and Riley (1962) gave the most consistent results compared with the modified method of 
Golterman et aL (1978). The principle of the method is that a yellow phosphomolybdate 
complex forms (from orthophosphate ions and molybdate ions) in an acidic environment 
and , is reduced by ascorbic acid to give a blue colour which is measured 
spectrophotometrically, antimony is utilised as a catalyst. 
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There are two problems associated with the molybdate reactive phosphorus method, 
there may be hydrolysis of acid-labile phosphorus compounds and the interference of 
silica, germanium and arsenic ions, which also complex with molybdate (Broberg and 
Persson, 1988). The first problem leads to the overestimation of orthophosphate in the 
sample and this overestimation is well documented and several modifications have been 
suggested, although none have been widely accepted (Broberg and Persson, 1988). The 
interference from other ions is often ignored as the three problem ions usually occur in 
low concentrations in natural waters, there is the possibility, however, that they may be 
present in sediment and soil extracts. The influence of these interferences can be 
reduced and the sensitivity of the molybdenum blue method increased by the use of 
extraction steps using organic solvents (Golterman et aL, 1978), however, these methods 
are largely untested and time consuming. 
Orthophosphate concentrations in sediment extractants were determined using a 
modification of the Murphy and Riley (1962) technique. The method was modified by 
using smaller volumes of sample and reagent, possible because the concentrations in 
sediment extracts were higher than those experienced by the authors in sea water 
samples. Adjustments of acidity and allowances for highly coloured extracts were seldom 
required as dilution of the extract (to bring the orthophosphate concentration into 
detectable range) normally alleviated these problems. The procedure, including reagents 
used and modifications, is described below. 
Rements 
1. Sulphuric acid (5M): 70ml concentrated H2SO4 diluted to 500ml. 
2. Ammonium molybdate: 20g (NH4)6 M07024 41-120 dissolved in distilled water and 
diluted to 500ml. 
3. Ascorbic acid (OAM): 1.76g dissolved in distilled water and diluted to 100ml. The 
solution was prepared immediately prior to analysis as it oxidises rapidly. 
4. Potassium antimonyl tartrate: 0.2743g K(SbO)C41-14061/21-120 dissolved in distilled water 
and diluted to 100ml. 
5. Mixed Reagent. 50ml H2SO4 were thoroughly mixed with 15ml NHW07. Then 30ml 
ascorbic acid solution and 5mi potassium antimonyl tartrate solution were added. The 
mixed reagent was prepared as it was required for analyses. 
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Standard Phosphate Solutions 
A stock solution containing 2ltg/g P (2ppm P) was prepared by diluting a 1000 ltg/g P 
solution (0.4395g KH2PO4 (dry A. R. ) dissolved in 100ml distilled water). From this stock 
solution standard solutions of 1,0.5,0.1,0.05 and 0.01[tg/g P were prepared. These 
solutions were used to create a calibration curve, five replicates of each concentration 
were analysed by the method outlined below to generate a linear model. The calibration 
was checked with each new reagent solution by running 2 different standards with each 
batch of samples analysed. 
Method 
5ml of solution containing orthophosphate for determination was pipetted into a test tube 
and 1 ml of mixed reagent (5 above) were added. After at least 10 minutes but no more 
than 1 hour after the reagent was added to the solution the absorbance of the solution 
was measured in a 10mm path length glass cuvette at 882nm. Absorbance was 
measured with a Hewlett Packard HP845x UV- Visible System spectrophotometer using 
a reagent blank (5ml distilled water and 1 ml mixed reagent) as a reference solution. 
Where sediment extracts were highly coloured, 5ml of sediment extract with 1ml of 
reagent lacking the ascorbic acid, was used as a reagent blank. Measurements of 10 
replicate standard solutions of 0.1 gg/g P indicated a precision of +/. 0.003. The calibration 
was valid for solutions with phosphorus concentrations from 0.01 to I ýtglg P. 
3.8 Determination of Sediment Nitrogen Concentrations 
In contrast to phosphorus there is limited information on the quantities of different 
nitrogen species in river or lake sediments and few nitrogen analysis methods are directly 
applicable to the analysis of sediments. No established methods exist for sequential 
extraction of nitrogen compounds and the number of compounds and the dynamic nature 
of different nitrogen forms raises questions about the validity of trying to separate total 
nitrogen into different fractions. Bonetto et al. (1988) attempted to extract sequentially 
organic nitrogen compounds using NaOH followed by H2SO4 to give two nitrogen 
fractions and a final fraction by difference, but subsequent experiments found little 
correlation between these organic fractions and growth of rice plants. Until more is known 
about the availability of different nitrogen compounds to aquatic plants and satisfactory 
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methods are available for their determination, it is likely that measurements of total 
nitrogen concentrations will provide the most useful information for studies of macrophyte 
ecology. 
Methods have been established in soil science to extract and quantify different forms of 
nitrogen or to enable to determination of total nitrogen. Two types of method have been 
accepted in this parallel field, wet oxidation methods (the Kjeldahl method) and 
combustion methods (Dumas method) and an review of the development of these 
methods is given in Bremner and Mulvaney (1982). Kjeldahl type methods involve 
complex digestion and distillation steps and are difficult to use when large numbers of 
samples are to be analysed unless dedicated equipment is available. Microwave 
digestion technology, where available, has considerably improved the safety and speed 
of sediment digestion. Developments of combustion techniques led to the application of 
gas chromatography to nitrogen analysis using automated instruments. These 
instruments and associated methods have been widely adopted in the analysis of both 
total nitrogen and carbon in a variety of materials not least because of the ease with 
which analyses may be performed. 
3.8.1 Determination of Total Nitrogen and Organic Carbon 
Total nitrogen and organic carbon were simultaneously determined in prepared river 
sediments by combustion gas chromatography using a Carlo Erba 1108 Elemental 
Analyser following the method of King et aL (1998). Conventionally total carbon is 
determined by this method, but total carbon determination is affected by interference from 
the release Of C02 from carbonates within the sediment samples (Giovaninni et aL, 
1975). A number of the 17 rivers of this study arise on chalk geology (Section 3.2) 
therefore, there is potentially considerable carbonate present in the sediments. To avoid 
possible interference only organic carbon was determined. Prior to analysis carbonates 
were removed by an acid treatment according to the method of King et aL (1998). 
Sediment samples ground to <250[trn were weighed in tin foil cups then introduced into 
the sample loader of the instrument. The samples are dropped into a vertical column 
(10500C) with a constant flow through of helium, flash combustion of the sample is 
induced by the temporary presence of pure oxygen. The gases resulting from the 
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combustion are passed over Cr203 giving quantitative combustion, then excess 02 is 
removed and the gases enter a chromatographic column (1200C) containing various 
catalysts (depending on the exact method). The gases (N2, C02 and H20) are separated 
then measured by a thermal conductivity detector (cf. Pella and Columbo, 1973). The 
analyser is calibrated by the combustion of standard materials (acetylene and atropine) 
whose carbon, hydrogen and nitrogen contents are known. Total nitrogen and organic 
carbon contents are expressed as % of dry weight. Limits of detection are approximately 
0.01 % for total nitrogen and 0.2% for organic carbon. 
3.9 Analysis of Plant Tissue Elemental Concentrations 
A measure of the plant tissue concentrations of the elements measured in the sediment 
was required to investigate relationships between sediment and water column 
concentrations of nutrients and nutrients taken up by plants in the two rivers where 
upstream and downstream reaches were compared. Additionally, relative concentrations 
of different nutrients in plant tissue can indicate whether a particular nutrient is limiting or 
if tissue concentrations are greater than a critical level, where luxury consumption is 
occurring (Gerloff and Krombholz, 1966) (Section 2.8.2). Plant tissue samples were 
collected from Ranunculus stands in the Itchen and Test and analysed for total 
phosphorus, total nitrogen and organic carbon contents. 
3.9.1 Plant Tissue Preparation 
The plant samples from each quadrat (Section 3-3.6) were washed carefully in a sloping 
tray in a continuous stream of distilled water to remove epiphytes and sediment particles. 
Any material other than above ground stems, leaves and adventitious roots was 
discarded. Following recommendations in Allen (1989) samples were dried overnight at 
80"C, ground to <250ýtrn and then thoroughly mixed to reduce variability introduced by 
including different plant parts. 
3.9.2 Plant Tissue Analysis 
The dried, ground plant samples were analysed in a similar manner to the sediment 
samples. Total nitrogen and organic carbon were determined by gas chromatography as 
described in Section 3.8.1; inorganic carbon in the samples was destroyed by an acid 
pre-treatment. Total phosphorus was determined by WRc Limited, Medmenham, Bucks, 
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UK, using a sulphuric acid digestion followed by orthophosphate determination using the 
molybdenum blue technique (Section 3.7.8). These plant tissue analysis methods are 
similar to those used in numerous other studies, for example, Best et aL (1996). Limits of 
detection are approximately 0.01 % for total nitrogen and 0.2% for organic carbon. 
PART III 
3.10 Archive Water Chemistry Data 
Water samples were taken at the time of sediment sampling and analysed for phosphate, 
nitrate, nitrite, ammonia and pH (Section 3.5). Single water samples collected at a 
particular point in time will give a poor representation of the prevailing water quality 
regime which will vary through space and time. Due to the slower rates of nutrient cycling 
within the sediments than within the water column, particularly for phosphorus, (Chapter 
Two) any study investigating the links between sediment and water nutrient 
concentrations will require water column nutrient concentrations integrated over a 
reasonably long time period. Environment Agency water chemistry data were obtained for 
all sites where sediment samples were collected. 
3.10.1 Sites for Water Quality Data 
Many of the sites sampled were included in the Environment Agency MTR monitoring 
scheme and consequently various water quality parameters are measured at these sites 
on a regular basis. For the sites that were not included in the MTR database the nearest 
Environment Agency water quality monitoring site was selected (see Table 3.7). Data 
were supplied by the relevant Environment Agency region in various forms and for 
differing years. Table 3.8 shows the years covered and the frequency of measurements. 
Table 3.7 displays information on the water quality monitoring sites from which data were 
used. All except three sites had corresponding MTR and water quality monitoring sites 
and data from these sites were used in calculating mean values for each parameter, The 
sites on the Allen, Dun and Wylye had no corresponding MTR sites and thus the nearest 
water quality site had to be adopted. There were two possible gauging stations that could 
be considered for providing data for the site on the Allen - Loverly Mill and Walford Mill. 
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Table 3.7 Site details for Environment Agency water quality monitoring 
River E. A. Water Monitoring Site 
Region' 
Allen sw Walford 
Avon sw Ringwood 
Dove AN Abbey Bridge 
Dun TH Hungeýorcl 
Eden so 
Frome Sw 
Hiz AN 
Itchen so 
Itchen3 so 
Loddon TH 
Rhee AN 
Test so 
Test3 so 
Tove AN 
Waveney AN 
Crowhurst Bridge (d/s Lingfield) 
u/s Louds Mill 
A507 Road Bridge, Arlesey 
Bishopstoke (u/s Chickenhall) 
d/s Chickenhall 
Keepers Coftage 
Haslingfield Road Bridge 
Wherwell (uls Andover) 
dIs Andover 
Cappenham Bridge 
Denmark B(idge 
Wey TH Haw Bddge 
Whilton AN Surney Midge 
Whitewater TH Dipley 
Wylye SW South Newton 
MTR NGR (Top)2 
Site No. 
SU 010 007 
6039 SU 143 052 
5016 TM 152 738 
SU 321685 
8002 TQ 387 452 
6047 SY 708 903 
5027 TL 190 378 
8010 SU 468 180 
8011 SU 466 176 
7040 SU 687 552 
5010 TL 417 511 
8017 SU 383 393 
8018 SU 382 388 
5112 SP 715 488 
5079 TM Ill 794 
7073 SU 744 411 
5122 SP 620 658 
7103 SU 742 576 
SU 088 338 
1 Environment Agency Regions: AN - Anglian, TH -Thames, SO - Southern, SW - 
South West 
2 National Grid Reference of water quality monitoring site 
3 Downstream sites included in longitudinal study, see Section 3.3.6 
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Table 3.8 Period and frequency of water quality data provided by Environment 
Agency Regions 
E. A Region Years Supplied Measurements Supplied 
Anglian 1993-99 Monthly 
Thames 1991-98 Yearly (mean, min, max and st. deviations) 
Southern 1993-98 Monthly 
South West 1992-99 Mean, min and max for period 
1994-99 Month ly/Bi-mon th ly 
The latter station was selected because it is closer to the sampled site than the Loverly 
Mill station. Water quality on the Dun is monitored at the gauging station where the flow 
measurements are recorded (see Section 3.11), immediately upstream of the sampling 
site. The Wylye is also monitored close to the South Newton gauging station which is 
immediately upstream of the sampling site. 
MTR sites and water quality monitoring points do not always coincide exactly therefore 
there is some distance between the point of water sampling and sediment sampling site - 
Eden (water monitoring site 3km upstream of sampling site); Hiz (water monitoring site is 
approximately 2.5km downstream); Itchen (water monitoring site is approximately Ikm 
upstream); Whitewater (water monitoring site approximately 6km downstream). These 
differences have the result that the water quality values presented below will not reflect 
the actual concentrations experienced at the sampling sites. However, it is proposed that 
the improvement gained by having a longer term record of water chemistry is greater than 
the effect of this necessary spatial error. 
The lack of monthly data for certain sites necessitates the use of the yearly mean from 
the Environment Agency data. Yearly means (Jan-Dec in year of sampling) were 
calculated from monthly values for those sites where monthly data was provided and the 
standard deviation was calculated. All "less than values" were halved for calculations 
according to standard Environment Agency practice. Yearly means for pH, 
orthophosphate, inorganic nitrogen species were calculated. Anglian and Thames regions 
provide Total Oxidised Nitrogen (TON) values only; the nitrate and nitrite values for rivers 
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in other regions were combined to give TON values. Consequently, total inorganic 
nitrogen is represented by the sum of TON and ammonia. 
Orthophosphate was not recorded by the Environment Agency at the Waveney site and 
thus the value measured in the single water sample taken during this study (Section 3.3.3 
and 3.5) is used in statistical analyses in the following chapter. This value represents the 
orthophosphate concentration at one time only and was measured using different 
analysis techniques to the archive data. Consequently, the orthophosphate concentration 
for the Waveney should be considered as a guide value only, 
Archive water chemistry data were compared, both graphically and statistically, with the 
data obtained from the analysis of the water sample collected at time of sediment 
sampling (Section 3.3.3 and 3.5). The single sample and archive values were plotted to 
determine whether the single sample values fell within 2 standard deviations either side 
of the yearly mean (not shown). The pH values of seven samples; orthophosphate values 
of eight samples; TON values of ten samples; and the ammonia values of nine samples 
fell within plus or minus two standard deviations of the yearly mean. Student's T-tests 
were also applied to determine whether the single samples differed significantly from the 
yearly means from the archive data. Only single sample values of ammonia and 
orthophosphate were not significantly different (P < 0.05) from the yearly means. 
These large differences between single sample values and yearly mean archive values 
suggest either that the water chemistry on the day of sediment sampling was fairly 
anomalous at many sites or that the differences in analytical techniques means that 
results are not comparable. Due to these differences and the evidence from the literature 
that longer term water chemistry data would be more likely to yield useful information, 
only Environment Agency archive data were investigated further. Thus, water chemistry 
data in the following section represents yearly means calculated from Environment 
Agency data, with the exception of the orthophosphate value for the Waveney which was 
substituted with the single sample value. 
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3.10.2 Water Chemistry at the Survey Sites 
The water chemistry data derived from Environment Agency records are presented here; 
the data for the two extra downstream sites on the Itchen and Test are presented in the 
relevant section of the results. Figure 3.5 displays the yearly mean values for the four 
water chemistry parameters (pH, orthophsophate, TON and ammonia) recorded at the 17 
sites. 
The plot of mean pH values (Figure 3.5a) shows that all seventeen rivers may be 
described as circumneutral or base-rich, reflecting the geology of the sites. The Waveney 
had the lowest mean pH (7.69 units) and the Tove had the highest (8.30 units). Mean 
orthophosphate values (Figure 3.5b) varied significantly between the sites with the lowest 
value being 0.03 mg/1 P (Allen) and the highest 3.22 mgI-1 P (Loddon). Many of the mean 
values were less than 1mgI-1 P although the Hiz, Loddon, Rhee and Wey all had mean 
values greater than this. The mean value for the Waveney in Figure 3.5b should be 
treated with caution as it represents a single water sample collected at the time of 
sediment sampling (see Section 3.10.1). Many of the rivers exhibited mean 
orthophosphate concentrations higher than the 0.2mgl-l level that Mainstone et al. (1993) 
state is likely to be higher than concentrations natural for any UK river. This suggests that 
all the rivers sampled experience phosphate loadings considerably greater than those 
that would occur naturally, It may be concluded that the seventeen rivers represent 
systems of mid to high trophic status. This conclusion is supported by the fact that more 
than 80% of sites investigated for the development of General Quality Assessment (GQA) 
Schemes for nutrients in rivers and canals had median orthophosphate concentrations of 
less than 1 mgI-1 P (Mainstone et al., 1995) and there are a number of sites considered 
here with mean concentrations considerably higher than this. 
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Figure 3.5 Mean values and standard errors for water chemistry parameters for each of 
the 17 rivers sampled. Means calculated from monthly mean values for the year of 
sediment sampling. (Source of data: Environment Agency) 
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Figure 3.5 continued. Mean values and standard errors for water chemistry parameters 
for each of the 17 rivers sampled. Means calculated from monthly mean values for the 
year of sediment sampling. (Source of data: Environment Agency) 
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Mean total oxidised nitrogen (TON) (Figure 3.5c) was lowest in the Eden (3.83 mgI-1 N) 
and highest in the Hiz (10.73 mgl-1 N) although thirteen of the rivers had concentrations 
greater than 5 mgI-1 N. The Rhee, Loddon, Tove and Whilton Branch had high mean 
concentrations (>8 mg1-1 N). The Hiz also had the highest mean ammonia concentration 
(0.21 mgI-1 N) whilst the Whitewater had the lowest mean value (0.02 mgI-1 N). These 
values are similar to many sites in England and Wales as 82 % of MTR sites had 
ammonia concentrations of less than 0.5 mgl-1 N (Dawson et aL, 1999b). By combining 
the TON and ammonia concentrations, it was possible to calculate the total inorganic 
nitrogen (TIN). These TIN values can be compared with sites included in the GQA 
Schemes for nutrients in rivers and canals in England and Wales. The mean TIN values 
for the 17 sites varied from 3.95 mgI-' N (Eden) to 10.95 mgI-1 N (Hiz) and are 
comparable with those of the GQA development sites of which over 90% had median 
concentrations less than 12 mgl-1 N (Mainstone et aL, 1995). 
3.11 Archive Hydrology Data 
The hydrological regime will determine physical, chemical and ecological functioning 
within the river system. Controlled by large scale factors such as, climate, geology and 
catchment land-use, the hydrological regime is responsible for many of the differences 
'between river systems (see Figure 1 in Knighton, 1984, p. 2). Consequently information 
on discharge and annual flow variability are likely to explain at least some of the 
variability in sediment composition and macrophyte diversity observed between different 
rivers. 
3.11.1 Selection of Flow Monitoring Stations and Appropriate Flow 
Oarameters 
No measurements of flow were made at the time of sampling, but river flows in the UK 
are extensively recorded and long-term flow records exist for most rivers. Archive flow 
data were compiled for each of the 17 rivers sampled from the National River Flow 
Archive (Institute of Hydrology, 1999). Where the sediment sampling sites do not 
correspond to flow gauging stations reference has been made to the nearest gauging 
station with regard to the influence of any tributaries of other significant flow inputs. 
Gauging station site details are given in Table 3.6. There are a number of sites where the 
choice of gauging station was not obvious and reference was made to the relevant 
Ordnance Survey Landranger 1: 50000 sheet. A discussion of these sites follows. 
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There were two possible gauging stations that could be considered for providing flow data 
for the site on the Allen - Loverly Mill (Station No. 43010) and Walford Mill (Station No. 
43018). The Walford Mill data was adopted as this was the site chosen for archive water 
chemistry data; reasons for this decision are given in Section 3.10. However, although 
the Walford Mill station was closer to the sediment sampling site, two small tributaries 
enter between the sediment site and gauging station, ans so the quoted flow values may 
slightly overestimate the flow regime of the sediment sampling site. 
The Ringwood station (43001) on the Avon is very close to the site sampled during this 
study but was taken out of commission in 1965; therefore the East Mills station (43003) 
flows are used. This station is approximately 10km upstream of the site sampled during 
this research, so the flows given below are likely to differ slightly from flows at the 
sampling site. 
Two gauging stations are approximately the same distance from the site sampled on the 
Itchen - Highbridge + Allbrook (42010) is approximately 4krn upstream and Riverside 
Park (42023) is approximately 4km downstream of the site sampled. Between the 
Highbridge station and sampling site the Itchen Navigation channel joins the river and as 
this may constitute a major input in terms of water volume the Riverside Park station was 
selected. However, this station also records the flow of two small tributaries that join the 
river downstream of the sampling site and thus the flow for the sediment sampling site is 
likely to be overestimated. 
Deriving meaningful flow parameters for the site sampled on the river Test is difficult 
because the nearest gauging station on the river (Broadlands, 42002) is more than 25km 
downstream of the site and there are a number of significant tributaries joining the river 
along this distance. The flows at Broadlands were selected and used in all subsequent 
analyses, however it should be noted that'these values are likely to represent an 
overestimation of the flow at the sampling site. In order to judge the degree of this 
overestimation the flows for all stations on tributaries entering the Test over this distance 
are given in Section 3.11.2, where river flows are considered. These will not account for 
all of the increase in flow between the sampling site and Broadlands but give an 
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indication of the order of magnitude of the error incurred by using the Broadlands gauging 
station. 
Table 3.9 lists the flow parameters that were selected from the Institute of Hydrology 
archive data. Several mean flow parameters were calculated - the mean for the day of 
sediment sampling, the mean for the year of sampling, the mean for the period 1996-98 
and the archive mean from the National River Flow Archive (Institute of Hydrology, 1999). 
These parameters were calculated to determine whether the flow on the day of sampling 
was significantly different to flow conditions averaged over different time periods. By 
comparing the mean flow for the year of sediment sampling or for the three years around 
the sampling date it was possible to determine whether the rivers were sampled during a 
period of either low or high flow. Mean flow parameters provide no information on the 
variability of flow so Q95, BFI and COV3year were also determined. Q95 gives an indirect 
indication of the probability of low flow conditions at the sites whilst BFI is a useful 
parameter describing the geological and hydrological nature of the catchment. Sear et aL 
(1999) described BFI and discussed the importance of groundwater dominance to 
hydrology, water chemistry, geomorphology and sediment transport. Finally, the 
coefficient of variation of the mean flow for the period 1996-98 gives an idea of the 
variability of flow during the hydrological period likely to influence sediment and 
macrophyte related processes. 
Student's T tests were applied to the flow data to determine how the year of sampling 
and pedod 1996-98 compared with the historical period (18 - 73 years in length) used in 
calculating the statistics given in the National River Flow Archive (institute of Hydrology, 
1999). The Test tributaries are included here. The yearly means calculated from daily 
flows - mean' Year. were not statistically different from the means quoted in the National 
River Flow Archive -meanarchive - (p < 0.05) (Frome and Avon stations excluded due to 
lack of data). Equally there was no difference between the flow on the day of sampling 
(meanday) and the meanarchive (p < 0.05) or between meanday and the mean, year flow (p < 
0.05) (Frome, Avon, Itchen and Wallop Brook stations excluded due to missing data). 
These results confirm that the flow on the day the sites were sampled were not 
anomalous in terms of discharge and that flow during the year of sampling was on 
average no different to the flows of the preceding 18-73 years. 
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Table 3.9 Flow parameters selected from National River Flow Archive 
(Institute of Hydrology, 1999) 
Parameter Description 
Meanday* 
- the daily flow for the day on which the river was sampled, 
Mean, year 
Mean3 year 
Meanarchive 
Q95 
- the mean flow for the year in which the river was sampled 
calculated from the mean daily flows. The standard 
deviation is given. 
- the mean flow for the years 1996-98 inclusive, covering 
the period of sampling. Calculated from the mean daily 
flows for the period, standard deviation was also calculated 
- the mean flow for a gauging station as given in the 
National River Flow Archive (Institute of Hydrology, 1999). 
- the flow exceeded 95% of the time at the gauging station 
as given in the National River Flow Archive (Institute of 
Hydrology, 1999). 
Base Flow Index (BFI) -a catchment characteristic which is the "ratio of the 
smoothed minimum daily flow to the mean daily flow of the 
total recorded hydrograph" (Shaw, 1994, pg. 326), it is an 
indication of the proportion of the runoff that is derived from 
natural storage within the catchment. It is quoted in the 
National River Flow Archive (Institute of Hydrology, 1999). 
COV3 year - the coefficient of variation of the mean3 Year parameter 
* Some sites have no "Meanday- values. 
Note: Some daily flows are missing. Therefore calculated parameters (e. g. Mean, year 
, Mean3 year) are based on differing numbers of observations. 
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Figure 3.6 Mean daily river flows and standard error for the period 1996-98. Data from 
National River Flow Archive (institute of Hydrology, 1999). 
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3.11.2 River Flows at the Survey Sites 
Daily flows for the day of sampling vary from over 7M3S-1 (Avon and Test) to 0.15OM3S-1 
(Tove) if the Test tributaries are excluded (Table 3.10). The three different mean values 
for each of the rivers indicate that many of the rivers sampled have low flows, for 
example, ten, nine and seven rivers in mean' Year, mean3 year and meanarchive respectively, 
have discharges less than JM3S-1. However, flow variability is great and many of these 
mean flows have large standard deviations (Table 3.10). Figure 3.6 indicates that the 
Avon has mean flows considerably larger than any of the other rivers. The Itchen and 
Test also have relatively large mean discharges but many of the other rivers have mean 
flows of less than WS-1. The Q95 values for the rivers reflect the permeable geology of 
many of the catchments studied as values are high relative to the mean flow, suggesting 
stable regimes. This influence of groundwater is also evident from the BFI values for each 
of the rivers: ten rivers (excluding Test tributaries) have BFI values of greater than 0.75. 
The lowest BFI values are assigned to the Dove, Eden, Tove, Waveney and Whilton 
Branch, all rivers with either a clay geology or geology of chalk overlain with boulder clay 
(see Table 3.2). Reference to the individual hydrographs (not shown here, constructed 
from supplied data Institute of Hydrology, 1999) for the years when sediment samples 
were taken indicate that these rivers with low BFIs have flashy regimes, particularly when 
the hydrographs are compared with those of the chalk streams, for example the Dun, 
Itchen and Test. The hydrographs also indicated that both the Allen and Avon 
experienced slightly elevated flows approximately 7 days prior to the sampling visit. 
These antecedent events may have had an influence upon sediment characteristics. 
3.12 Statistical Analysis 
All statistical analyses described within this thesis were performed using SPSS Version 
8.0 (except Mann-Whitney tests, Chapter Seven which were performed in Microsoft Excel 
'97). The multivariate analyses described in Chapters Four and Five (PCA, RDA and 
mulitple discriminant analyses) were performed in CANOCO Version 4.0. Full details of 
the analyses employed are given in the relevant sections. 
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Chapter Four 
SEDIMENT CHARACTERISTICS 
VARIABILITY AND INTER-RELATIONSHIPS 
4.0 Introduction 
Present knowledge of the range of nutrient concentrations in the sediments of English 
rivers is limited and little is known of the relationships between sediment chemistry and 
sediment physical structure (see Chapter Two). There is a need to investigate the degree 
to which sediment nutrient concentrations vary both within rivers and between rivers of 
different character. This information, when combined with existing data on water column 
nutrient concentrations, will aid the interpretation of lotic nutrient spiralling and studies of 
macrophyte ecology. 
4.1 Chapter Outline 
This chapter describes the characteristics of the sediment sampled from the 17 rivers of 
this study. First, the range and variability of sediment characteristics (nutrient content, 
organic matter content and particle-size) across all 17 rivers and within the rivers are 
considered. Following this the relationships between different sediment parameters are 
investigated. Finally, sediment characteristics are considered in terms of how they vary 
with, and are related to, other characteristics of the sites where samples were collected, 
such as river flows, water chemistry and environment factors including, channel 
geomorphology and channel shading. 
The emphasis in this section is on within-reach and between-river variability of both 
sediment parameters and relationships between those parameters. It is acknowledged 
that the manner in which samples were collected is not entirely suitable for investigating 
these relationships as the emphasis was on sediments underlying plant species (see 
Chapter Five). However, the data collected to consider macrophyte and sediment 
relationships provide an opportunity to describe the types and character of sediments that 
are present in a range of English, lowland streams. The information presented within this 
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chapter will, therefore, be useful in generating hypotheses for further research into 
sediment variability and sediment-based processes in lowland stream environments. 
4.2 River Sediment Characteristics - Absolute Values and Variability 
The methodology employed in the collection and analysis of sediment samples and other 
information has been outlined previously, (Chapter Three). Sediment samples were 
collected from beneath stands of macrophyte species and from bare sediments in the 17 
rivers. These were analysed for concentrations of total phosphorus (TP), inorganic 
phosphorus (P), total nitrogen JN), organic carbon (OC), % organic matter (OM) and % 
silt/clay (SC - measured as percentage of material less than 2mm passing through a 
63ptm sieve). Twenty samples were collected in a randomly-stratified manner in each of 
the 17 rivers, yielding a total of 340 sediment samples for the 17 rivers. 
An important assumption of many parametric tests, and other statistical analysis 
techniques, is that variables are normally-distributed. It is therefore important that 
normality is assessed prior to use of these techniques. The D'Agostino-Pearson K2 test 
for normality was applied to the data for the six sediment variables (Zar, 1996). The test 
indicated that the data for TP, IP, TN, OC and SC were all norm ally-distributed samples 
(P<0.05). However, OM was shown to not be normally distributed at the same significance 
level and the non-normality was shown to be due to both departure from symmetry or 
from kurtosis. A log (x + 1) transformation was applied to the OM and further testing 
(D'Agostino-Pearson K2 test, p<0.05) indicated that this resulted in log-normal 
distribution. 
4.2.1 Sediment Parameters Across the Dataset 
This section considers the range and mean values at each site (averaged over the twenty 
sediment samples taken at each site) for the various sediment parameters measured. The 
aim of this section is to give some indication of the range of values for the sediment 
characteristics encountered across a number of lowland English river types in vegetated 
and unvegetated sections. Mean values of the sediment parameters for each river are 
displayed in Table 4.1. 
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Total Phosphorus 
The TP concentrations measured in the 340 sediment samples varied from 35 to 2660 
[tg/g P with a mean value of 944 ýtg/g P. Mean TP concentrations for individual rivers 
ranged from 154 pglg P (Avon) to 2247 pg/g P (Wey). This indicates large differences in 
sediment nutrient concentrations between rivers. The concentrations of TP in the 
sediment have been shown to be significantly correlated with phosphorus release rates 
from the sediment (r--0.83) (NOmberg, 1988). Assuming such mechanisms lead to an 
equilibrium between sediment and water phosphorus concentrations (at least over long 
temporal scales) this suggests that the rivers will have also differing water column 
concentrations of phosphorus (see Section 3.10.2). However, the highest and lowest 
sediment phosphorus concentrations do not coincide with the highest and lowest water 
column phosphate concentrations in this study (Section 3.10.2) reflecting the complex 
relationship between sediment and water nutrient concentrations. The equilibrium 
between water and sediment concentrations of phosphorus will be influenced by 
characteristics of the water (chemistry, forms of phosphorus present, discharge), 
sediment (particle size, density, organic component, chemistry, mineralogical 
composition, biological activity) and catchment (phosphorus sources, hydrological regime, 
degree of channel and catchment modification, climatic regime, geology). The TP values 
recorded for the sediments of the English lowland rivers are of the same order of 
magnitude as many other studies of sediment nutrients status (Table 4.2). 
Inorganic Phosphorus 
IP concentrations in the sediments of the 17 rivers ranged from 6 [Lg/g P to 1209 ýtg/g P 
with an overall mean value of 226 ltgIg P. In agreement with TP concentrations the 
highest (750 Itg/g) and lowest (39 pg/g) mean IP concentrations in individual rivers also 
occurred in the Wey and Avon, respectively. This reflects the fact that IP constitutes a 
proportion of TP, therefore one would expect a close correlation between the sites with 
high sediment TP concentrations and those with high IP concentrations. The proportion 
of TP that is IP will vary with the nature of the sediments, sources and forms of P entering 
the sediments and the methods utilised to determine IP. For example, in the Ulva and 
Zostera beds of the Venetian lagoons the organic fraction of TP was approximately 23- 
24%, giving IP proportions of 76-77% (Sfriso and Marcomini, 1999). In contrast a 
sequential extraction scheme estimated a total IP fraction in River Garonne sediments of 
around 47% of TP (Fabre et aL, 1996). The IP in the river sediments is likely to comprise 
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phosphorus loosely bound to sediment particle surfaces and bound to other elements (Fe, 
Al and Ca) as minerals. However, it is not possible to speculate on which minerals may be 
present as with the exception of apatite (calcium-bound P) few minerals have been 
detected in freshwater sediments due to analytical difficulties (Pettersson et aL, 1988). 
Table 4.2 Total phosphorus concentrations reported in the literature for various 
sediment types 
Authors Sediments TP ýtglg 
Williams et al. (1976) 
Hieltjes and Lijklema (1980) 
NOrnberg (1988) 
NOmberg (1988) 
Moutin et al. (11993) 
Svendsen et al. (1993) 
Rose(1995) 
Baldwin (1996) 
Fabre et al. (1996) 
Pift et al. (1997) 
Sfriso and Marcomini (1999) 
This study 
Lake Erie 
Lake Brielle 
Seven lakes (N. America) 
41 lake samples (literature) 
Coastal lagoon (France) 
Gjem and Gelbaek rivers (Denmark) 
Welland (England) and Morava 
(Czech Republic) rivers 
Various lakes (Australia) 
River Garonne 
Norfolk Broads 
Venice lagoons - within macroalgae 
and macrophyte dominated areas 
17 English, lowland rivers 
188-2863 
746-4158 
1190-3060 
500-10300 
617 +/. 34 (mean) 
460-682 
168-6158 
300-1600 
226-923 
1020-2100 
380 (mean Ulva) 
453 (mean Zostera) 
35-2660 
Total Nitrogen 
The TN contents of sediments from the 17 rivers ranged from below the limits of detection 
to 0.84%, and the mean for all rivers was 0.12%. The highest and lowest mean values of 
TN for individual rivers were measured in the Waveney (0.52%) and Eden (0.02%). 
Nitrogen concentrations of 31 rivers in north-east England were of this order (mean 
0.06%, range <0.001-0.51 %) (Garcia-Ruiz et aL, 1998). These values are also similar to 
the mean TN contents e"quivalent to 0.143% and 0.082% found in Ulva and Zostera 
dominated lagoons, respectively (Sfriso and Marcomini, 1999) and to the range of 0.1 % to 
4% suggested by Keeney (1973) for surface sediments in sediment-water systems in 
general. Nitrogen is clearly a very small component in the total composition of the 
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sediments, and this may reflect the dynamic nature and solubility of nitrogen compounds 
within aquatic systems. The forms of nitrogen that comprise the TN contents observed in 
the 17 rivers will depend on whether the sediments are oxidised (nitrogen is likely to be in 
the form of nitrate) or anoxic (ammonia forms dominate) (Forsberg, 1989). However, it is 
likely that much of the nitrogen present is organic in form (Keeney, 1973). 
Organic Carbon 
OC ranged from 0.20% to 13.96% in the 17 rivers, with an overall mean OC content of 
2.06%. In individual rivers, mean % OC contents ranged from 0.60% (Eden) to 9.07% 
(Waveney), and thus OC may constitute a greater part of riverbed sediments than other 
nutrients (TP and TN). Sediments from two lagoons had OC contents of similar magnitude 
- 0,94% and 0.73% (Sfriso and Marcomini, 1999). The range of sediment OC contents in 
Lake Monroe, a subtropical shallow eutrophic lake, were from 0.1% to 18.2% (Arshad et 
al., 1988). The relative proportions of C, N and P in the sediments will be influenced by 
the source of the nutrients, much of which will be organically-derived. C, N and P occur in 
living plant material in relatively consistent ratios; in algal tissue ratios of C: N: P are 
consistently 106: 16: 1 - the Redfield ratio (Redfield et aL, 1963). 
Organic Maffer 
The OM content of the river sediments will have a number of sources both allochthonous 
and autochthonous, and will be dependent on both the retention capacity of the sediment 
and the rate of microbial degradation. Across the 17 rivers, OM proportions ranged by two 
orders of magnitude from 0.52% to 52%, with a mean content of 5.64%. Mean contents of 
OM in individual rivers varied from 2% (Hiz) to 21% (Waveney). The OM content for some 
of the samples collected during this study is considerably higher than the values recorded 
for sediments in Lake Kalgaard which were 0.3% -5.1% (Sand-Jensen and Sondergaard, 
1979). However, this lake was oligotrophic and may be expected to be less productive 
than the more nutrient-dch systems considered here. The decomposition of organic 
matter in aerobic systems has been shown to be almost complete (Goldshalk and Wetzel, 
1976). Organic matter is therefore unlikely to accumulate in flowing waters, such as the 
streams of this study, as dissolved oxygen concentrations are likely to be fairly high. 
However, within dense plant stands, there is considerable potential for anoxia to persist. 
The organic material that accumulates within these areas may not be completely 
decomposed, and organic compounds will steadily increase until the plants die back, and 
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material is either washed out, begins to break down or becomes incorporated into the 
sediment. This may explain the high OM contents of many of the samples that were 
collected from within plant stands. 
Percent Silt-Clay 
Particle size, shape and density are acknowledged to play important roles in determining 
the chemistry and ecology of sediments (Maher et aL, 1999). The percentage of fine 
material in sediments will determine the surface areas available for the binding of 
elements, the capacity of the sediment for pore water and organic matter and the degree 
of exchange between sediments and water. Consequently, the proportion of the 
sediments that is silt or clay (<63gm) will have an influence of many other sediment 
characteristics and sediment processes. The heterogeneous nature of river sediments is 
reflected by the range of SC contents in the 17 rivers, from 1.42% to 98%, with a mean of 
24%. In the individual rivers, mean SC varied from 4% in the Avon to 45% in the 
Waveney. 
4.2.2 Sediment Variability Within Individual Rivers 
It is evident from these data (Table 4.1) that the heterogeneous nature of river sediments 
results in a wide range of sediment physical structures and nutrient concentrations on a 
regional scale (southern and eastern England). By considering the variability of the 
sediment parameters within vegetated patches of the 17 rivers it is possible to determine 
and distinguish the role of small-scale variability from larger-scale catchment influences 
such as discharge, geology and land-use. This small-scale variability is the result of the 
action of reach scale flow variations, geomorphological features and the effect of in- 
channel macrophytes. Figures 4.1 to 4.3 are boxplots of the six sediment variables 
grouped by river. Owing to the limited data on river sediments for comparison, data are 
discussed with respect to the 17 rivers as a whole. Therefore, terms such as "high" and 
"low" are used in a relative sense. 
Figure 4.1a displays the summary statistics for TP by river. Different rivers are clearly 
separated on the basis of the TP contents of their sediments, suggesting a continuum 
within the 17 rivers from those with relatively low sediment TP concentrations through to 
those with high concentrations. There are a number of rivers with well-defined sediment 
TP concentrations with little variability within the reach. These include rivers with relatively 
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low TP concentrations (Allen, Avon, Whitewater), those with moderate TP concentrations 
(Dun, Wylye) and those with relatively high TP concentrations (Eden, Rhee, Tove, 
Whilton). The Wey is distinct as a dver with sediments with much higher concentrations of 
TP. However, there are rivers which have a wide range of sediment TP concentrations 
(Loddon, Waveney). It is possible to distinguish three groups of rivers on the basis of the 
TP concentrations of the majority of sediment samples - sediments < 500j. 1g/g P (Allen, 
Avon, (Frome, Itchen), Whitewater); 500 - 1500 ýtglg P ((Dove), Dun, Hiz, (Loddon), Test, 
Tove, (Whilton), Wylye); > 1500 pg/g P (Wey). Variability, expressed as coefficient of 
variation, indicates that the Avon and Waveney have the most variable concentrations of 
TP. The degree of spatial variability in sediment TP concentrations within an individual 
river reach will be a consequence of localised sedimentation/erosion, the presence of 
absence of plant patches which will modify flow and sedimentation (Sand-Jensen and 
Mebus, 1996; Sand-Jensen, 1998). A high degree of spatial variability in sediment TP 
concentrations is common in aquatic systems. Sediments of a subtropical shallow 
eutrophic lake were found to be highly variable with respect to chemical composition in a 
spatial dimension, yet temporal variability was minimal (Arshad et aL, 1988). In the 
Pembina River, Canada, there were significant differences in exchangeable P 
concentrations between sites with different sediment sizes (Chambers et aL, 1992). 
IP concentrations for the sediments are displayed in Figure 4.1b. Despite the obvious 
relationship between TP and IP, the rivers are less distinct on the basis of IP 
concentrations than TP concentrations. Differences between TP and IP concentrations 
are evident for the Tove and Wey samples; the former has relatively high TP sediments 
with little variability and relatively low IP concentrations with considerable variability. The 
Wey has the highest TP concentrations with relatively little variability yet a wide range of 
sediment IP concentrations. IP concentrations, in seven of the rivers (Allen, Avon, Dun, 
Frome, Itchen, Whitewater and Wylye) display small ranges but coefficients of variation 
may be high due to the low mean values of some of these rivers. Differences between TP 
and IP concentrations reflect the variable quantities of organic phosphorus fractions within 
river sediments (cf. De Groot and Golterman, 1993). Coefficients of variation for IP 
concentrations are over 50% for the Eden, Frome, Test, Tove, Waveney but less than 3% 
for the Dun. 
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Figure 4.2a displays the %TN contents for the sediments by river and indicates that most 
samples (excluding those from the Waveney) had TN contents of less than 0.5%. 
Coefficients of vadation are high - only five rivers had coefficient values less than 50% 
(Allen, Avon, Itchen, Test and Wylye). Figure 4.2a suggests that TN is a minor component 
in river sediments, but that there is considerable variability between sediments collected 
within the same reach. 
Figure 4.2b appears very similar to the previous plot, highlighting the close association 
between TN and OC (see below). The OC contents of the sediments were approximately 
an order of magnitude higher than the TN contents but, in most cases, OC is still a minor 
component of the total sediment weight. The Waveney had the widest range of OC 
contents, however, the highest coefficient of variation was in the Whilton Branch. 
The association between TN and OC is possibly a result of their common origin as 
organic material, supplied to the sediment as products of the breakdown of organic 
matter. OM concentrations as determined by ignition are displayed in Figure 4.3a. OM 
contents were mostly low (< 10%) except for the sediments from the Waveney and some 
sediments from the Dove. However, these relatively low values result in high coefficients 
of variation as twelve rivers had coefficients greater than 50 %. 
The final plot of this series presents the SC contents for the 17 rivers (Figure 4.3b). All 
rivers except the Avon had a fairly wide range of SC contents. Fine material generally 
constituted between 10 and 40% of the sediment, although the Avon had coarser 
sediment than this and Waveney had considerably finer sediments than this. The Avon 
had a mean SC proportion of 4% with a maximum of just 14% indicating very sandy 
sediments. These sandy sediments would be expected to result in a smaller surface area 
than finer sediments, and thus less binding capacity (cf. Chambers et aL, 1992; Stone and 
English, 1993). One would therefore expect the elemental composition of the Avon 
sediments to be lower than for other rivers with finer sediments. Figures 4.1a to 4.2b 
support this expectation. 
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Individual sediment samples within some sites were anomalous. It is instructive to look at 
these samples to consider whether they are distinctive in terms of other sediment 
parameters or whether they were located within stands of particular macrophyte species. 
These "outliers" and "extremes" are indicated on Figures 4.1 to 4.3 (refer to key in 
Figures). These points correspond with values that fall between I and 2.5 times the range 
above or below the mean (outliers), and more than 2.5 times the range (extremes). 
Table 4.3 Outliers and extreme V) values from Figures 4.1 - 4.3. Samples with 
outlierslextremes for more than one sediment parameter are listed. 
Sample No. TP IP Thl OC OM SC Plant 
Avon 5 H* H* H* H* Elodea nuUalli 
Dove 5 H* H Sparganium emersum 
Dove 9LL H* H* Unvegetated 
Eden 10 H* H* H Sparganium emersum 
Frome 1HHH Ranunculus sp. 
Frome 17 HH Unvegetated 
Hiz 6L H* Ranunculus sp. 
Itchen 13 HH Apium nodiflorum 
Loddon 18 HH H* Sparganium erectum 
Rhee 6LH Sparganium emersum 
Tove 6HH Sparganium erectum 
Wey 16 H* H* H Elodea nuffalli 
Wey 20 L H* H* H H* Callitfiche stagnalis 
Whilton 3HHH Unvegetated 
Whilton 18 H* H Unvegetated 
Whitewater 8 H* H Unvegetated 
Whitewater 9HH Callitfiche obtusangula 
L lower than range 
H higher than range 
A number of samples are outliers or extreme values on the basis of more than one 
sediment parameter (Table 4.3). These sediments, which fall outside the range for the 
river in which they were collected, may indicate relationships between parameters, such 
as a link between nutrient concentration and sediment structure. Some of these 
relationships are further investigated below (Section 4.3). Several samples point to a 
relationship between increasing SC content and increasing nutrient concentration (Avon 
5, Eden 10, Tove 6, Wey 20, Whilton 3 and 18), although some samples are anomalous 
because they seem to have low concentrations of a particular nutrient with high SC 
contents (Hiz 6, Rhee 6, Wey 20) (Table 4.4). Other samples have exceptionally high SC 
contents but also high OM contents (Itchen 13, Wey 20, Whilton 3, Whitewater 8), 
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possibly indicative of greater retention capacities. The atypical samples from particular 
rivers also suggest the relationship between OM, the organically-derived OC and TN 
(Frome 1, Tove 6 and Wey 20). Dove 9 is unusual in possessing low TP and IP 
concentrations but high TN and OC concentrations. 
Figures 4.1 to 4.3 demonstrate the heterogeneity of river sediments within 100m reaches. 
Coefficients of variation are high for all six sediment parameters in the rivers. The lowest 
coefficient is 3% but, of a total of 102 coefficients, 89 are greater then 20% (49 are 
greater than 50%). There is evidently a great deal of variability within river reaches, 
reflecting the spatial variability of hydrological, geomorphological, biological and 
geochemical processes within river channels. Areal variation in sediment composition and 
the sediment ecosystem will result in marked differences in sediment nutrient 
concentrations and organic matter content. The sediment samples of this study are depth 
integrated (see Section 3.3.2), this will no doubt obscure the depth variations that are 
frequently observed studies of nutrients in river and lake sediments (cf. Chambers et aL, 
1992; Moutin et aL, 1993; Gonsiorczyk et aL, 1998; Lijklema, 1998). There is generally a 
decrease in phosphorus concentration with depth in lake sediments where elevated 
surface concentrations result from an increased phosphorus concentration of recently 
settled material, a delay in the decomposition of this material due to further sedimentation 
and an accumulation of phosphorus from diffusion from deeper sediment (Holtan et al., 
1988). Such patterns will no doubt also be evident in the sediments from running waters, 
but the depth differential may not be so pronounced as lakes are depositional 
environments, whereas, rivers exhibit cycles of degradation and aggradation (scour and 
fill). 
4.2.3 Sediment Variability Between Rivers 
Despite the high variability of TP, IP, TN, OC, OM and SC within the sites sampled a 
series of one-way ANOVA tests (Model 11) indicated that, on the basis of all six sediment 
parameters (using log (x+l) transformation of OM), between-river variability was greater 
than within-river vadability and therefore the mean values for each parameter in each river 
were different (p<0.001). This suggests that even within a relatively small geographical 
region, and across a fairly narrow range of trophic status, river sediments are very 
variable and in-channel variability is secondary to catchment scale influences such as 
geology and land-use. The differences in TP are likely to be attributable to differences in 
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the presence of humic substances, metals and calcium carbonate which are able to bind 
phosphorus in the sediment. Differences in phosphorus inputs to the river channel may 
also be a key factor. Differences in the sediment content of OM, OC and TN are possibly 
related to the relative importance of allochthonous and autochthonous material reaching 
the river channel; a direct result of in-channel productivity and catchment land-use. 
Finally, inter-river differences in the proportion of fine material in the sediments (SC) will 
reflect differences in hydrology, macrophyte production and the associated trapping of 
fines. The size of sediment particles within plant stands will also differ with the 
macrophyte species, as different species affect flow and sedimentation patterns differently 
depending on their morphology (Sand-Jensen, 1998). 
Figures 4.1 to 4.3 of sediment parameters and water chemistry data (see Section 3.11.2) 
suggest that the Waveney is distinct from the other rivers sampled. The sediments of the 
Waveney are very fine and associated with large amounts of decaying organic matter. 
This organic matter and the fine sediments may explain the high % OC and TN 
concentrations of the sediment. The dense macrophyte stands will trap organic material, 
and senescent plant material will be decomposed in situ as there is little flow to transport 
it downstream and out of the reach. Consequently, there is likely to be a great deal of 
decomposition occurring in situ and this will result in high concentrations of organically- 
derived chemicals such as nitrogen and carbon. This decomposition, particularly if it is 
accompanied by anoxic conditions, may also explain the relatively low nitrate and nitrite 
concentrations and the high ammonia concentrations observed in the river (Section 
3.11.2). 
This analysis of the variability of sediment characteristics both within and between the 17 
rivers does not necessarily represent the most appropriate way of investigating such 
phenomena. The way in which sediment samples were collected (Section 3.3.1) was 
optimised to provide data on the relationships between macrophyte species and sediment 
characteristics, and this is not completely compatible with providing information on 
sediment variability. However, the data do give a clear indication of the degree of 
heterogeneous nature of riverbed sediments in both vegetated and unvegetated areas 
(though chiefly in the former areas) and provide a useful starting point for future 
investigations of sediment variability. 
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4.3 Associations Between Sediment Parameters 
Section 4.2.2 above indicates that there may be relationships between the six sediment 
parameters in samples of bare sediments and sediments underlying various macrophyte 
species. Table 4.4 shows Pearson's product moment correlation coefficients for the six 
sediment parameters across the 17 rivers. Table 4.5 shows significant correlations 
between sediment parameters within individual rivers. 
Table 4.4 Pearson's product moment correlation coefficients for sediment 
parameters across all rivers (n = 340) 
TP IP TN oc om sc 
TP 1 
IP 0.858* 1 
TN 0.047 -0.038 1 
oc 0.089 0.023 0.941* 1 
om 0.184* 0.090 0.725* 0.820* 1 
sc 0.179* 0.021 0.590* 0.576* 0.574* 
* correlation is significant at 0.01 level (two tailed) 
Figure 4.4 is a matrix of scatter-plots for the six sediment parameters highlighting the form 
of any associations. Tables 4.4 and 4.5 indicate that there were strong associations 
between a number of pairs of sediment parameters. The results of the correlations are 
discussed below with significant associations further investigated through least squares 
linear regression. 
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4.3.1 Relationships between Total and Inorganic Phosphorus 
Table 4.4 shows that there was a significant and strong correlation (r--0.858) between the 
two phosphorus measurements. IP is a proportion of TP, therefore a relationship is to be 
expected. However, the nature of this relationship will depend on the source of 
phosphorus and the processes operating within the sediments. If samples are considered 
within the individual rivers (Table 4.5), it is evident that some rivers have stronger 
associations between the two phosphorus measurements than the association for all 
samples - Dove, Hiz, Rhee, Waveney and Whitewater. Figure 4.4 indicates that the 
relationship between the two variables is not necessarily linear, and least squares linear 
regression gave an adjusted R2 value of 0.74. However, curve fitting using SPSS (v. 8.0) 
indicated that the relationship was well modelled (R2=0.84) by the cubic equation (Eq. 1). 
y= (7.03xl 0-08)X3 - (9.1 OXJ 0-05)X2 + 0.20 x+ 11.66 (Eq. 1) 
where y= IP 
and x=TP 
Figure 4.5a shows IP plotted against TP with Equation 1 plotted. Samples from individual 
rivers are identified in the plot by colour. Figure 4.5a suggests that there is an almost 
linear relationship between the two parameters at TP concentrations below approximately 
1500 pg/g P. Sediments with TP concentrations greater than this have higher IP 
concentrations than would be predicted by the linear regression model. Many of the 
samples with TP concentrations greater than 2000 pglg P (causing the cubic relationship) 
are from the Wey. It is difficult without other samples with TP concentrations of this 
magnitude, to ascertain whether there is a genuine departure from the linear relationship 
or whether the Wey is a site with distinct sediment nutrient concentrations. The cubic 
relationship between TP and IP suggests that sediments in these 17 rivers with the 
highest TP concentrations are phosphorus-rich because of mineral forms of phosphorus 
which may well be geological ly-derived or an inorganic phosphate loading. 
Sediments from lake Erie showed a high degree of association (r--0.98) between TP and 
IP (determined by a sequential extraction procedure) (Williams et aL, 1976). The relative 
contributions of various phosphorus fractions to total phosphorus in lake and river 
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sediments has been shown to vary considerably both over spatial and temporal scales 
(Arshad et aL, 1988); (Moutin et aL, 1993) (Stone and English, 1993). This variability will 
reflect variability in water column phosphorus concentrations, seasonal variation in 
porewater phosphorus concentrations (e. g. (Sondergaard, 1990)); adsorption-desorption 
and mineralisation rates, and patterns of deposition and settling of fine particles and 
organic material. (Baldwin, 1996) discovered uat least a partial decoupling between inorganic 
sediment composition and phosphorus speciation" determined by a SEDEX sequential 
extraction procedure, which was attributed to the importance of organic and biogenic 
forms of phosphorus in the sediment. Similarly, the differences between TP and IP 
illustrated in Figure 4.5a may reflect the relative contributions of organic phosphorus 
forms mediated by the specific environmental conditions of the sediments and overlying 
macrophyte vegetation. 
Figure 4.5a shows the clear separation of the rivers on the basis of sediment TP 
concentrations outlined above (Section 4.2.3). Along the best-fit line, there is a continuum 
of rivers from the Avon at the lowest end through the Allen, Dove to the Wey at the upper 
end of sediment phosphorus concentrations. The Eden and Tove do not seem to 
correspond to this continuum falling below the best-fit line. This suggests that, in these 
two rivers, less of the TP is inorganic in nature and thus it can be concluded that organic 
phosphorus forms are proportionately more important in these rivers. This is in agreement 
with the observation that organic phosphorus may be a significant component of total 
phosphorus in aquatic systems (De Groot and Golterman, 1993). 
4.3.2 Relationships Between Phosphorus Forms And Total Nitrogen 
Table 4.4 indicates that there are weak associations between TP and TN (r--0.047) and 
between IP and TN (r--- 0.038), these correlations are not significant (p=0.01). The 
absence of a relationship between nitrogen and phosphorus may reflect their different 
sources and behaviour in aquatic systems. Nitrogen is dynamic and soluble, and thus 
sediment concentrations will be highly variable depending on rates of nitrification and 
denitrification and movement from interstitial water to overlying waters. By contrast, 
phosphorus tends to be retained in the sediments adsorbed to particle surfaces or 
associated with metals and calcium carbonate. There is thus a tendency for phosphorus 
to accumulate in the sediments whilst nitrogen concentrations will fluctuate and reflect 
conditions over shorter temporal scales (cf. Holtan et aL, 1988; Heathwaite, 1993). 
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Figure 4.5 Relationships between sediment characteristics (n=340) 
a) Total phosphorus and inorganic phosphorus, fitted curve R2=0.84 
b) Percent silt-clay and total phosphorus, least-squares linear regression R2=0.029 
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4.3.3 Relationships Between Phosphorus Forms and Organic Carbon 
The correlation coefficients between TP and IP and OC are r-0.089 and r-0.023, 
respectively (Table 4.4). OC will be associated with organic material that reaches the 
sediment and is decomposed by the action of micro-organisms. By contrast, it is evident 
that the phosphorus in sediments of the 17 rivers was both inorganic and organic in form 
(Section 4.3.1). Thus, OC may be related to a particular organic phosphorus fraction 
which is derived from the same organic material that governs OC content, as strong 
associations between OC and organic phosphorus were found in Lake Erie sediments 
(Williams et al., 1976). As specific organic phosphorus fractions were not determined 
during this study, such relationships were not apparent. 
4.3.4 Relationships Between Phosphorus Forms And Organic Matter 
OM is weakly correlated with TP (r--0.184, significant p=0.01) and IP (r--0.090, not 
significant p=0.01) (Table 4.4). Rose (1995) also failed to find relationships between 
sediment OM and sediment phosphorus in samples from the River Welland (UK) and 
Morava (Czech Republic). As outlined above, any relationship between OM and organic 
phosphorus fractions derived from decaying plant material are likely to be obscured by the 
proportional dominance of inorganic and other organic phosphorus fractions. However, 
OM may be expected to exert some control over sediment phosphorus concentrations as 
in a subtropical lake the capacity of the sediment for phosphorus retention was enhanced 
by organic matter (Arshad et aL, 1988). 'This may be attributable to the presence of iron 
and aluminium compounds in organic material (Stone and English, 1993). However, 
according to Hesse (1973), adsorption of phosphorus in sediments may be depressed by 
the presence of organic matter, although this is likely to depend on the nature and 
composition (particularly the metal content) of the organic material. 
Conversely, high phosphorus levels could lead to increased organic matter production 
and retention if macrophyte productivity was significantly increased; for example, the 
retention of organic matter in the Bere stream by Ranunculus penicillatus var. calcareus 
stands, observed by Dawson (1981). This link between phosphorus-enhanced 
productivity and organic matter differs for macrophytes and phytoplankton. Macrophytes 
need five times less nitrogen and phosphorus per unit biomass production than 
phytoplankton. Therefore, for a given quantity of nutrients, macrophytes will build up as 
much as five times the biomass of phytoplankton (Golterman, 1995). Relationships 
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between OM and phosphorus, particularly phosphorus release, may depend on the 
trophic status of the river. In eutrophic lakes in Germany, mineralisation of organic matter 
seemed to be driving phosphorus release whereas in oligotrophic lakes release of 
phosphorus was through the mobilisation of iron and manganese bound phosphorus by 
burial of oxic surface sediments into deeper anoxic zones (Gonsiorczyk et aL, 1998). 
4.3.5 Relationships Between Phosphorus Forms and Percent Silt-Clay 
Many studies have found a relationship between the phosphorus concentration of 
sediments and the particle size distribution (cf. Stone and English, 1993). Chambers et aL 
(1992) found that exchangeable phosphorus in sediments from the Pembina River, 
Canada, was highest in fine sediments and markedly lower in sandy sediments. In this 
Canadian study annual variability in phosphorus was less than 20% in fine sediments and 
22-88% in sandy sediments. A study of phosphorus dynamics in the River Wey (one of 
the 17 rivers of this study) also found higher total phosphorus contents in a fine sediment 
site (House and Denison, 1998). A high clay, silt or Fe(OOH) content in sediments results 
in a large phosphorus-binding capacity (Golterman, 1995) as particle size is negatively 
related to specific surface effects (Hesse, 1973). The increased temporal variability in 
sandy sediments is likely to be a result of greater sediment porosity (Slomp et aL, 1998) 
and the associated exchange of porewater with overlying waters. In a study of the 
distribution of phosphorus amongst the silt and clay fractions, Stone and English (1993) 
found TP to be most abundant in particles of 2ptm and to decrease with increasing grain 
size. As iron, aluminium and manganese were also most abundant in this size fraction but 
calcium was fairly constant throughout size ranges, the authors suggested that 
phosphorus in the smaller fractions was bound to metal oxides. 
Table 4.4 reveals no such association in the data presented here. Correlation coefficients 
between TP and SC and IP and SC are r--0.179 and r--0.021, respectively. Similarly, TP 
and IP were only weakly associated with the mean particle size with silt and clay contents 
of sediment from Lake Erie (Williams et al., 1976). However, Figure 4.5b shows that 
although there is a wide scatter of samples, there are four rivers with coarse sediments 
(Allen, Avon, Frome and Whitewater) which appear to follow a linear relationship with TP. 
It is possible that, in coarse sediments low in phosphorus, the percentage of fine material 
controls the amount of TP. Where SC contents are higher, the relative proportion of silt 
and clay particles in the finest fraction may be important and relationships with 
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phosphorus may not be evident without further separation of the less than 63ýLrn fraction. 
Equally, higher TP concentrations could overwhelm any relationship with SC. The 
absence of a relationship may be the result of the method used to determine phosphorus 
in the sediment samples as phosphorus was only determined for material that had been 
ground to pass through a 250ýtm sieve. Additionally, no attempt was made to separate 
the fractions of less than 63ýLm, and it was within this smallest fraction that Stone and 
English (1993) found relationships between phosphorus content and particle size. 
4.3.6 Relationship Between Total Nitrogen and Organic Carbon 
Plots of TN and OC by river (Figures 4.2a and 4.2b) were very similar and Table 4.4 
indicates that there is a strong and significant association (r--0.941) between the two 
variables. This is consistent with the findings of Martinova (1993), who discovered 
correlation coefficients of r--0.9-0.95, for associations between TN and OC in the 
sediments of 176 Russian lakes. Figure 4.6a is a scatter-plot of TN and OC with a least- 
squares regression line (R2 = 0.885). There appears to be a linear relationship between 
the two parameters but, as most samples have both low TN and OC and the regression is 
thus, strongly influenced by the few samples with high TN and OC. These samples are 
almost exclusively from the River Waveney (see Section 4.2.3). The River Test samples 
also appear distinct on the plot, having a similar linear relationship to the regression 
model but possessing lower OC contents than would be predicted. It is possible that the 
Test sediments have a lower proportion of OC due to the calcareous nature of the river, 
with most carbon in the sediments perhaps inorganic in form. There is evidence that, in 
some lakes (i. e. marl lakes), large quantities of carbon can be deposited in inorganic 
forms such as carbonate (Forsberg, 1989). To investigate whether the Waveney and Test 
samples were unduly influencing the regression model, and to further investigate the 
relationship, all samples with TN contents greater than 0.20% were deleted and the 
regression analysis undertaken again (not shown). However, no improvements on the 
original model were found (R2=0.716). 
Both TN and OC are required by and present in living plant tissue, and TN and OC in 
sediments have their origin in decaying organic material. The decomposition of this 
material through microbial processes is the main control on the turnover of nitrogen and 
carbon in aquatic systems (Forsberg, 1989). The relationship between TN and OC is 
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probably mediated by the organic matter content of the sediment, and should result in 
relationships between the two parameters and OM. 
4.3.7 Relationships Between Total Nitrogen and Organic Matter 
The correlation between TN and OM is significant and strong (r--0.725), as predicted 
above (Section 4.3.6). The plot of these two parameters indicates there is considerable 
scatter with most samples having low TN and OM (Figure 4.6b). A regression analysis 
gave an adjusted R2 value of 0.525 reflecting this degree of scatter. To investigate scatter 
at the lower end of the scale where most samples were located, samples with OM 
contents greater than 10% were deleted and the remaining samples plotted. This subset 
plot (not shown) indicated that there was a very wide scatter, R2=0.061. This scatter may 
reflect the dynamic nature of nitrogen and the variable rate of its release from organic 
matter. The River Waveney is once again distinct in the scatter-plot (Figure 4.6b) having a 
range of OM contents (much higher than any other river) but with relatively constant TN 
contents between 0.6% and 0.9%. 
A possible explanation for the absence of a linear or logarithmic relationship between TN 
and OM may be loss of nitrogen from the sediments due to variation in rates of 
denitrification. The rate of denitrification in rice fields in the Camargue, France, was seen 
to increase with increasing organic matter content (Minzoni et aL, 1988). Similarly, the 
highest denitrification rates in thirty rivers in north-east England were found in organically- 
polluted lowland rivers where sediments tended to be covered by decomposing algal or 
other organic debris (Garcia-Ruiz et aL, 1998). Organic material within the sediment may 
therefore influence TN contents through both supply of nitrogen via decomposition and 
through enhancement of denitrification. 
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Figure 4.6 Relationships between sediment characteristics (n=340) 
a) Total nitrogen and organic carbon, least-squares linear regression R2=0.885 
b) Organic matter and total nitrogen, least-squares linear regression R2=0.525 
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Figure 4.7 Relationships between sediment characteristics (n=340) 
a) Percent silt-clay and total nitrogen, least-squares linear regression R2=0.346 
b) Organic matter and organic carbon, least-squares linear regression R2=0.671 
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4.3.8 Relationships Between Total Nitrogen and Percent Silt-Clay 
Table 4.4 indicates that there was a significant correlation (r--0.590) between TN and SC. 
Figure 4.7a displays the nature of this relationship and the least-squares regression line 
(adjusted R2 = 0.346). There is a wide scatter of points with samples from certain rivers 
appearing distinct. The River Waveney sediment samples are of a fine particle size and 
have high TN contents. In contrast, the Avon samples are coarse and have low TN 
contents. Between these two rivers, the Eden has a range of SC contents but low TN 
contents throughout. Additionally, there are two Hiz samples with very high SC content 
but very low TN contents. Therefore, if there is any general relationship between the 
particle size of sediments and TN, it is not universal across the 17 rivers. There have 
been few studies of the nitrogen content of sediments but, in North Sea continental 
margin sediments, nitrogen contents were higher in silty sediments than in sandy 
sediments (Slomp et aL, 1998). Possible links between TN and the particle size of 
sediments are likely to be controlled by the retention of organic material, sediment 
porosity and the degree of exchange between porewaters and overlying waters and 
surface area for bacterial colonisation. 
4.3.9 Relationships Between Organic Carbon and Organic Matter 
The relationship between TN and OC (Section 4.3.6) led to the conclusion that organic 
matter content of the sediments would at least in part control TN and OC contents. OC 
and OM are more strongly correlated (r--0.820) than TN and OM (Table 4.4). Figure 4.7b 
depicts a similar relationship between OC and OM to that of TN and OM (Figure 4.6b) 
with many samples having both low OC and low OM and the Waveney having much 
higher OM and OC contents. The regression analysis gave an adjusted R2 value of 0.671 
but when samples with 10% OM or less were plotted alone there was a great deal of 
scatter. This second regression (not shown) gave an adjusted R2 value of just 0.133. 
Relationships between OC and OM are expected as the former is a constituent of the 
latter. OC is often calculated through the determination of OM through the loss-on-ignition 
(1-01) method and subsequent conversion using the Von Bernmelen factor (1.724) which 
assumes 58% of organic matter is organic carbon (Sutherland, 1998). So, although the 
relationship between the two variables is intuitive, it is worth further investigation to 
compare actual values with this estimation method. The regression model for the 
sediment samples in this study yields a conversion of OC=0.3180M+0.271. There are a 
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number of reasons for the difference in these conversion factors (beyond the fact the 
model described here was not forced through the origin) and for the absence of a direct 
relationship between OM and OC in Figure 4.7b. Firstly, the use of the LOI method and 
conversion factor assumes that, during ignition, the loss of structural water from clay 
minerals (or metal oxides) is not significant and that the loss Of C02 from, carbonate 
minerals is negligible. These assumptions are unlikely to be true in practice. Sutherland 
(1998) critiques the use of the LOI method because, at temperatures of 425-52011C 
typically used for LOI, not all organic carbon may be oxidised and there is also potential 
for loss Of C02 from minerals in soils/sediments containing inorganic carbon. Additionally, 
there is possible decarboxylation of organic functional groups and during preparation for 
ignition, hygroscopic and intercrystalline water of clays is not completely driven off by 
conventional oven drying at temperatures less than 1500C. Finally, he argues that the use 
of a conversion factor is flawed because the nature of OM vades significantly (Sutherland, 
1998). Figure 4.7b shows that there is no simple relationship between OC and OM, and 
this is probably a result of the reasons outlined above. Thus the use of a LOI method in 
river sediments of this type is unlikely to give accurate results. 
4.3.10 Relationships Between Organic Carbon and Percent Silt-Clay 
Table 4.4 and Figure 4.8a detail the relationship between OC and SC (r--0.576). Figure 
4.8a shows that there is a considerable degree of scatter about the regression line 
(adjusted R2=0.330). Once again the Waveney is distinct in the plot, having both high OC 
and SC values. As with the TN-SC plot (Figure 4.7a) there are coarse sediments that 
seem to form a relationship with OC, for example, the Allen and Avon samples. Organic 
carbon content in North Sea continental margin sediments was considerably higher in silty 
than sandy sediments (Slomp et at, 1998); this is possibly related to the amount of 
organic matter in finer sediments and the lower porosity of fine sediments aiding the 
retention of dissolved organic carbon. 
4.3.11 Relationships Between Organic Matter and Percent Silt-Clay 
The association between OM and SC is significant and moderately strong (r=0.574). 
Figure 4.8b shows that the relationship is strongest at SC contents of less than about 
30%. The linear regression model gave an adjusted R2 value of just 0.327 reflecting the 
scatter of samples particularly in sediments finer than approximately 30% SC. Again, the 
OM content and SC seem to be related in the finest sediments and the relationship is less 
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Figure 4.8 Relationships between sediment characteristics (n=340) 
a) Percent silt-clay and organic carbon, least-squares linear regression R2=0.330 
b) Percent silt-clay and organic matter, least squares linear regression R2=0.327 
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clear for the coarsest sediments. The relationship between the two variables possibly 
reflects the retention capacity of the sediment for organic material. Organic matter 
increases with increasing particle size because interstitial spaces increase in size and 
frequency. However, there is likely to be an upper-limit to this relationship as beyond a 
certain particle size there is an increased likelihood of wash-out of organic matter from the 
sediments. This upper threshold may explain the breakdown of the relationship beyond 
approximately 50% silt-clay in Figure 4.8b. 
4.3.12 Conclusions on Relationships Between Sediment Parameters 
The preceding sections indicate that the strongest relationships in sediments of rivers 
analysed are between the two phosphorus measurements JP and IP); between organic 
matter and compounds derived from this material (OM, TN and OC); and between these 
organic matter variables and the physical structure of the sediment JN, OC, OM and 
SC). Many of these relationships are intuitive and may be expected, but the analysis has 
indicated that the nature of the relationships varies with the river and the nature of the 
sediments (for example, the relationship between TP and IP). It is also likely that, as most 
sediments were sampled from vegetated patches, these relationships will be influenced 
by the action of plant-mediated processes. In general terms, it seems that sediment 
nutrient status (phosphorus, nitrogen and carbon) may be determined by the composition 
of the sediments (organic component and particle size distribution). In turn, the 
composition of the sediments is likely to be determined by channel and catchment scale 
processes. 
4.4 Associations Between Sediment Parameters and Other River Characteristics 
Many of the relationships between sediment parameters will be mediated by factors 
operating at the catchment and reach scale. These factors may also be expected to 
explain some of the differences between sediments of different rivers, In the subsequent 
sections, the influence of hydrology and water chemistry on sediment parameters are 
considered, and principal components analysis (PCA) is used to investigate the 
relationship between sediment parameters and a number of other river characteristics. 
The use of reach scale measurements for hydrology and water chemistry necessitates the 
use of mean values for the six sediment parameters. During the following discussion, it is 
important to note the potential influence of the high variability of these parameters within a 
reach (Section 4.2). 
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In a number of the following analyses, a seventh sediment parameter was included. 
Weighted TP (WTP) was derived by multiplying the TP concentration by the proportion of 
silt and clay in the sediment sample (expressed as a decimal). The method employed for 
determining sediment phosphorus concentrations can only consider the phosphorus 
associated with the finest particles. This approach is often satisfactory because readily 
available phosphorus is generally not found in larger particles. However, using this 
methodology without subsequent weighting of phosphorus could result in sediments with 
a small proportion of fines appearing to be more nutrient rich than sediments with a 
majority of fine particles. Thus, WTP was calculated to investigate potential relationships 
with net phosphorus content. 
4.41 The Role of River Flow in Determining Sediment Characteristics 
The hydrological regime of a particular reach will determine many abiotic and biotic 
characteristics. In particular, hydrology will control the supply and flushing of solutes 
within the reach and the dynamics of bed and suspended sediments. To determine 
whether these hydrological influences have any observable effect on sediment 
characteristics, relationships between mean sediment characteristics and the various 
hydrological parameters (mean3 Year, COV3 year, meanarchive, BFI and Q95) were investigated 
(see Table 3.9 for definitions). 
Table 4.6 Pearson's product moment correlation coefficients for sediment variables 
and hydrological variables (n=17) 
Mean3year COV 3 year Meanarchive BFI Q95 
TP -0.473 0.485* -0.450 - 0.637** -0.428 
WTP -0.405 0.718** -0.395 - 0.721 -0.351 
IP -0.418 0.326 -0.398 -0.415 -0.388 
TN 0.122 0.445 0.101 -0.245 0.198 
oc -0.079 0.593* -0.090 -0.368 -0.042 
om -0.274 0.832** -0.263 - 0.648** -0.262 
sc -0.268 0.489* -0.303 -0.361 -0.176 
Significant at the 0.01 level (two tailed) 
Significant at the 0.05 level (two tailed) 
Table 4.6 displays Pearson's product moment correlation coefficients for mean values of 
the 7 sediment variables (including weighted TP) and the hydrological variables. There 
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are few significant correlations, possibly reflecting the complex interactions between flow 
and sediment, the effect of plants themselves on sediment processes and the diversity of 
river types in this study. Scatter-plots of the pairs of variables with significant correlations 
are shown in Figure 4.9a-h. 
Only CoV3 Year and BFI were significantly correlated with sediment TP, and scatter-plots of 
these variables are shown in Figure 4.9. These plots reveal a general increase in TP with 
COV3 year, suggesting that the more variable streams have higher concentrations of 
sediment phosphorus. Sediment TP shows a negative relationship with BFI. Both of these 
correlations probably reflect a more general relationship between sediment TP and 
stream type. Clay streams with lower BFIs and more flashy hydrological regimes tend to 
have finer and more nutrient rich sediments (see above). Though significant, these 
correlations are not particularly strong, and inspection of the scatter-plots for these 
pairings indicated no clear relationships. 
If other sediment phosphorus parameters are considered, there appears to be stronger 
relationships between hydrology and sediment phosphorus. The WTP parameter is 
significantly correlated with COV3 Year and BFI (Table 4.6). These two correlations are 
higher than those for TP possibly due to the fact that WTP also indicates the proportion of 
fine materials in the sediment and this may be expected to be higher in the more 
hydrologically variable clay streams. There were no significant correlations between 
hydrological parameters and IP concentrations of the sediment. These correlations are 
likely to reflect the differences in stream types that are well described by the hydrological 
parameters as discussed above. 
There were no significant correlations between sediment TN concentrations and the 
hydrological parameters. The OC content of the sediment was significantly correlated with 
the COV3 Year, but the scatter-plot (Figure 4.9e) indicates that there is no clear relationship 
with rivers of varying flow variability having similar sediment OC contents. It is possible 
that OC contents are controlled by smaller-scale processes operating within and around 
plant stands where localised flow patterns are of importance, OC within the sediment is 
likely to originate from decayed plant material and settling organic matter. Thus, 
concentrations are likely to be high in areas where flow is reduced and channel wide 
discharge is unlikely to be directly important. Correlations between the sediment OM and 
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Figure 4.9 Scatter-plots showing the relationships between mean values for sediment 
parameters (n=17) and selected flow regime parameters. For full details of flow 
parameters and reasons for selection see Chapter Three, Section 3.11. 
COV3 Year and BFI were significant, and the scatter-plots show a general increase in OM 
with cov3 Year and a decrease with BFI, although not all sites correspond to this 
relationship. The reasons for these correlations are likely to be similar to those outlined 
above - the hydrological parameters describe the river types and clay streams with 
fine 
sediments are expected to have higher OM contents. 
The percentage of SC in the sediment is only significantly correlated with COV3 Year 
(r--0.489). This sediment variable may be expected to correlate with parameters of the 
hydrology as flow and discharge exert a direct influence upon sediment particle size; low 
flows will lead to sediment deposition and high flows will erode fine unconsolidated 
sediments leaving coarse particles behind. The scatter-plots indicate that there are no 
clear relationships between the vadables, and suggest that the relationships are more 
complex than a direct relationship. 
The correlations and scatter-plots suggest that relationships between sediment 
characteristics and hydrological parameters are general and not well defined. It is 
reasonable to expect that the hydrology of a stream will govern to some degree the 
characteristics of the sediments; direct relationships may not be evident in the correlation 
coefficients (Table 4.6) due to spatial and temporal variability of both flow velocities and 
sediment characteristics, The view expressed by Mainstone et aL (1993) was that "water 
velocity probably has a greater overall control on sediment chemistry by controlling rate and size 
of particle deposition1suspension than any other factor within the confines of a riverw. The use of 
hydrological parameters collected at gauging stations as in the above analyses does not, 
however, reflect the localised changes in flow velocity that occur particularly within and 
around the edges of plant stands. As many of the sediment samples were collected from 
such locations, it is possible that sediment characteristics will reflect the immediate flow 
environment but not the reach-integ rated discharge that the hydrological parameters 
describe. 
Additionally, the hydrological parameters used here, may mask shod-term fluctuations in 
flow which are likely to be important in determining sediment composition. For example, 
interstitial water and bed-sediment chemistry in the Pembina River, Canada, did not 
respond to flow reductions. Rather, the interannual changes in interstitial water chemistry 
were correlated with changes in the particle size of the bed (which would be determined 
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by both discharge and localised patterns of flow velocity) (Chambers et at, 1992). 
Similarly, seasonal patterns in sediment particle size distribution were related to seasonal 
flow patterns in the River Wey, England where 50% of particles were less than 1mm in 
autumn whilst the proportion was 70% in the summer (House and Denison, 1998). A 
dedicated temporal sampling program would be necessary to determine whether 
sediment characteristics responded to changing flow characteristics and whether this was 
occurring at a small spatial scale, such as within plant stands. 
4.4.2 Relationships Between Water Chemistry and Sediment Parameters 
The nutrient dynamics of a stream will be determined by the concentrations of nutrients 
present and the processing and storage of these nutrients within the water column, biotic 
components and sediment compartments of the system. There is a hypothesis suggesting 
that the water column and sediment concentrations of elements will be in a state of 
dynamic equilibrium (see Section 2.4). Correlation coefficients were calculated for 
relationships between water chemistry variables and sediment characteristics to 
investigate whether the data provided any evidence of this equilibrium. Table 4.7 displays 
correlation coefficients for pairings of mean water chemistry parameters (see Section 
3.10) and mean sediment characteristics. Scatter-plots for significant correlations are 
displayed in Figure 4.10. 
Table 4.7 Pearson's product moment correlation coefficients for mean sediment 
variables and mean water chemistry variables (n=17) 
pH TON . 
Ammonia Orthophosphate 
TP -0.321 0.330 0.663** 0.507* 
WTP -0.419 0.154 0.499* 0.257 
IP -0.347 0.270 0.682** 0.517* 
TN -0.369 -0,226 0.003 -0.281 
oc - 0.506* -0.236 0.116 -0.223 
om - 0.507* -0.144 0.265 -0.154 
sc -0.226 0.042 0.107 -0.065 
Significant at the 0.01 level (two tailed) 
Significant at the 0.05 level (two tailed) 
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Sediment phosphorus concentrations were significantly correlated with mean water 
column ammonia concentrations (TP, WTP and IP) and with mean water column 
orthophosphate concentrations (TP and IP). The positive correlations may simply reflect 
that the most nutrient rich streams have both high concentrations of water column 
nutrients and nutrient rich sediments. The correlations between water ofthophosphate and 
sediment TP and IP may be the result of a direct causal equilibrium mechanism operating. 
However, the relationships between ammonia and sediment phosphorus concentrations 
are unlikely to be direct. Figure 4.10 shows that there is considerable scatter in these 
relationships. 
There were only two other significant correlations between sediment characteristics and 
water chemistry variables: OC and OM were both significantly correlated with water 
column pH. These correlations may reflect the differences in the clay and chalk streams 
as pH will describe a gradient from base-rich chalk streams through to more acidic or 
circumneutral streams on other geological types. Clay streams tend to have finer 
sediments with greater potential for the retention of organic particles hence the higher OM 
and OC contents (Section 4.2). The absence of significant correlations between mean 
sediment TN concentrations and water chemistry variables may be due to the dynamic 
nature of nitrogen within the sediment and exchange across the sediment-water interface 
(Keeney, 1973). Additionally, the analysis of correlations between different sediment 
characteristics (Section 4.3) suggests that a large proportion of TN in the sediment has its 
origin in decaying plant material. Thus water column nitrogen concentrations would have 
no impact on this proportion of sediment TN. 
Other studies have failed to find significant relationships between water and sediment 
chemistry (cf. Arshad et aL, 1988; Chambers et aL, 1992; Rose, 1995) despite the 
hypothesis, generated from the study of lake systems, that the sediment and water 
concentrations are in a state of dynamic equilibrium (cf. Holtan et aL, 1988). Chambers et 
aL (1992), discussing data collected from the Pembina River, Canada, speculated that, in 
flowing waters, the gradients in nutrient concentrations across the sediment-water 
interface would be less predictable and thus equilibrium may not be achieved. In the 
Pembina River, although sediment chemistry differed between sites, there was no 
significant difference between water column nutrient concentrations suggesting sediment 
chemistry has little impact on the water column. Evidently, the relationship between water 
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column and sediments will be more complex in flowing waters and any equilibrium may 
only be evident in data collected over a long period or from rivers with limited flow 
variability. The influence of other factors such as biotic (plant nutrient uptake and release, 
bioturbation) and abiotic (temperature and redox change, discharge) processes will 
further confound the complex interaction between sediments and waters across an 
inherently dynamic interface. General relationships indicating, for example, that eutrophic 
sites have both nutriient-rich sediments and waters may be derived from data such as that 
collected during this study. However, the concept of equilibrium between water and 
sediment chemistry requires further investigation and the situation of nutrient-rich water 
associated with nutriient-poor sediments or vice versa should be considered, possibly 
through the use of an experimental approach. 
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Figure 4.10 Scatter-plots showing the relationships between mean values for sediment 
parameters (n=17) and selected water chemistry parameters (n=12, monthly mean for 
year of sampling). For full details of water chemistry parameters see Chapter Three, 
Section 3.11. 
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4.4.3 Principal Components Analysis of Characteristics of the Channel, Water and 
Sediment 
It is useful to consider how the sediment variables vary with the water chemistry and 
habitat characteristics of the 17 river sites. These relationships have been considered 
above but not in a multivariate way, yet combinations of variables may be associated with 
particular sites and river types. Principal components analysis (PCA) was selected to 
investigate the inter-relationships of the variables. PCA has largely been superseded by 
canonical ordination techniques for the analysis of vegetation data, but remains one of the 
most effective analysis methods in the synthesis of environmental data and the production 
of an ordination diagram based on environmental variables (Kent and Coker, 1995). PCA 
may be considered an extension of multiple least-squares regression except that 
explanatory variables are not supplied (Jongman et aL, 1995). If least-squares regression 
is used to fit straight lines to a species (or environmental variable) relationship with 
an(other) environmental variable, a measure of the relationship between that variable and 
all species is reflected by the total residual sum of squares for each individual species- 
variable regression. PCA constructs axes (theoretical or latent variables) which minimise 
this total residual sum of squares. 
A PCA was performed on the 26 environmental variables listed in Table 4.8. Only three 
flow parameters were included (mean3 year, COV3 year, BFI) were included as there was 
considerable inter-correlation between all flow variables (see Table 3.9). All data (except 
mean water column pH) were normalised through log transformation (log (x + 11)) prior to 
analysis, as large values for some variables were shown to have excess influence upon 
the analysis (cf. ter Braak and Smilauer, 1998). Centering and standardisation were 
applied as recommended for the analysis of variables measured in different units 
(Jongman et aL, 1995). Figure 4.11 displays the ordination plot and the environmental 
variable scores for each of the four axes are given in Table 4.8. 
The four axes explain 71.2% of the variation in the environmental data (the first two axes 
explained 33.9% and 18.4%). A plot of the eigenvalues suggests that the first two axes 
are significant (see inset Figure 4.11). Figure 4.11 and Table 4.8 indicate that many 
variables are correlated with one another and thus, the importance of some variables may 
not be apparent as their effects are included in other correlated variables which explain 
more of the variation. The first axis appears to represent a gradient of increasing 
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sediment phosphorus concentrations and increasing flow variability. There is a continuum 
from base-rich, stable-flow chalk streams on the left of the ordination plot (Figure 4.11) 
through to streams with finer, more nutrient-rich sediments and flashy regimes on the right 
of the plot. The highest scores on the first axis are those for weighted sediment TP, % 
slack, flow variability and BFI (negative). The second axis would appear to relate to 
channel depth with shallow streams at the bottom of the plot. The second axis also 
reflects a gradient of sediment nitrogen and carbon content, which are correlated with one 
another as indicated in Section 4.3.6. There is also an apparent shade gradient (Figure 
4.11) although this seems to be correlated with water column concentrations of 
orthophosphate and TON. The ordination plot shows a grouping of chalk streams, 
characteristically wide and unshaded, on the left (Avon, Allen, Dun, Frome, Itchen, Test, 
Whitewater, Wylye, ) a group of streams with chalk geology overlain with clay (Loddon, 
Rhee, Wey, Whilton) where shade seems to be important and a group with fine organic 
rich sediments (Dove, Tove, Waveney). The PCA further highlights the correlations 
investigated above between sediment organic matter content and nitrogen and carbon 
contents. 
The main conclusion to be drawn from the PCA is that there is a clear separation of sites, 
and indeed rivers, on the basis of large-scale factors, such as geology. The importance of 
BFI highlights the influence of groundwater, the dominance of which leads to stability of 
the flow regime; low temperature variability; low variation in water chemistry determinants; 
low suspended sediment concentrations; and high water clarity (Sear et aL, 1999). These 
are characteristics of streams of a particular type and ecology, chalk streams. A survey of 
chalk and clay streams, with similar stream power, from Environment Agency River 
Habitat Survey data indicated that chalk streams had infrequent in-channel sediment 
storage areas and a lack of fines due to low rates of sediment transport, whereas clay 
streams had more sediment storage areas (Sear et aL, 1999). This may explain the 
positioning of the chalk streams, to the left of the first PCA axis which is positively 
correlated with all sediment variables. The survey by Sear et aL (1999) also indicated that 
groundwater-dominated rivers had a particular geornorphology with larger width: depth 
ratios than clay streams. This wider, shallower cross-sectional form may be expected to 
reduce channel shading from bank-side vegetation as indicated in the PCA biplot (Figure 
4.11). 
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Table 4.8 Environmental variable scores for Principal Components Analysis 
(for definition of variables see Chapter Three) 
Axis 
Eigenvalue 
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0.339 0.183 0.107 0.083 
Water pH -0.481 -0.034 0.210 -0.259 
Water P043- 0.548 -0.717 0.247 0.157 
Water TON 0.318 -0.587 0.252 0.051 
Water NH3 0.725 -0.384 -0.248 0.177 
Weighted TP 0.850 0.056 0,224 -0.382 
Sediment TP 0.865 -0.211 0.071 -0.295 
Sediment IP 0.855 -0.300 0.016 -0.194 
Sediment TN 0.369 0.675 0.368 0.251 
Sediment OC 0.487 0.639 0.380 0.197 
Sediment OM 0.767 0.536 0.003 0.202 
Sediment SC 0.608 0.314 0.359 -0.478 
Mean3 year -0.585 0.231 
0.447 0.313 
COV3 year 0.786 0.213 -0.380 0.096 
BFI -0.755 -0.160 0.467 -0.015 
% ChannelUnshaded -0.428 0.526 -0.549 -0.060 
% Channel Broken Shade 0.688 -0.048 0.522 -0.165 
% ChannelShaded 0.288 -0.496 0.469 -0.077 
% Pool -0.304 0.257 -0.099 -0.802 
% Run -0.370 -0.467 -0.034 
0.401 
% Riffle -0.617 0.332 0.278 -0.427 
% Slack 0.749 -0.060 -0.099 0.150 
% Depth < 0.25m -0.262 -0.460 -0.357 -0.338 
% Depth 0.25 - 0.5m -0.339 -0.672 
0.254 -0.167 
% Depth 0.5 -1m0.444 0.163 -0.072 
0.154 
% Depth > 1m 0.300 0.717 -0.080 -0.119 
Channel Width -0.469 0.344 0.655 0.220 
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Figure 4.11 PCA Biplot of log transformed environmental variables. The scaling of the 
ordination scores is focused on inter-environmental variable correlations and the 
environmental data are centred and standardised. The first two axes of the ordination 
explain 33.9% and 18.4%, respectively. The inset shows the eigenvalues for the four axes 
derived. Environmental variables are shown as arrows and sites as squares. 
Abbreviations are those used throughout the thesis, see Chapter Three. 
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4.5 Conclusions on Sediment Characteristics in Lowland Rivers 
Section 4.2 has indicated that all six sediment parameters display a wide range of values 
across the 17 rivers. Ranges vary between rivers and the greatest distinction between 
rivers is on the basis of sediment TP concentrations. Between-river differences in 
sediments are greater than within-reach differences between sediment samples. 
This degree of spatial variability in the six sediment characteristics has implications for the 
number of samples required in future studies of river sediments. As outlined in Chapter 
Three (Section 3.3.1) the number of samples required will be determined by the 
objectives of the study and the method of sampling to be employed. However, it will also 
depend upon the heterogeneity of the sediments within the sites - reaches with 
homogenous sediments will be characterised by fewer samples than reaches with more 
sediment variability. There are a number of statistical formulas that can be used to 
calculate the number of samples required for random sampling with a given level of error. 
One such calculation is - 
(1.96a)2 / f; 2 (Eq. 2] 
where: n number of samples 
a standard deviation expressed as % of mean (or coefficient of 
variation) 
c level of error in % 
(Hunt and Wilson, 1986) 
This formula was used to calculate the number of samples that would be required to 
sample the sediments of the 17 rivers of this study, with a sampling error of 10%, for the 
determination of reach values of the six sediment variables - TP, IP, TN, OC, OM and 
SC. These sampling estimates should indicate the degree to which the data collected 
reflect the heterogeneity of vegetated and unvegetated sediments in the rivers and will 
serve as a guide for any future research into any of the six sediment variables in lowland 
British streams. 
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Table 4.9 Numbers of samples required per 100m to sample each of the 17 rivers 
with 10% error (calculated from Equation 2) 
River TP IP TN Oc Om Sc 
Allen 22 10 96 60 128 62 
Avon 183 69 52 105 507 255 
Dove 25 4ý 183 142 102 66 
Dun 5 <1 289 31 119 67 
Eden 11 169 426 109 48 186 
Frome 53 117 105 67 327 119 
Hiz 33 34 124 107 70 576 
Itchen 25 56 55 42 105 83 
Loddon 33 42 132 99 365 98 
Rhee 15 45 230 156 232 185 
Test 29 137 10 43 40 22 
Tove 1 100 164 140 33 106 
Waveney 113 193 105 94 179 103 
Wey 5 38 385 133 254 174 
Whilton 2 23 388 238 52 158 
Whitewater 12 17 104 36 119 56 
Wylye 35 20 14 93 44 
It is evident from the estimates given in Table 4.9 that in many lowland rivers an 
unrealistic number of samples would be required to sample the sediments of a 100m 
reach with only 10% sampling error. In many rivers over 100 samples would be required 
per 100m reach and to sample sediment organic matter in the Avon and silt-clay in the 
Hiz to this specified level of accuracy would require over 500 samples. It is obviously not 
possible to sample to this degree in most studies due to time and cost constraints and 
thus a greater margin of error would have to be accepted. Additionally, a well directed 
sampling rationale designed with the specific aims of the particular project in mind could 
further reduce the influence and importance of this sampling error. Nevertheless, the 
estimates clearly reflect the degree of spatial variability in river sediments and may be a 
useful aid in guiding future sediment sampling schemes. 
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The relationships between sediment parameters reflect chemical relationships within the 
sediments (TP and IP, TN and OC), although the OM content does appear to be 
important in regulating TN contents. The relationships between sediment characteristics 
and hydrology, water chemistry and habitat variables pointed to general differences 
between different stream types, with the chalk streams being different to clay streams. 
The PCA reflected this and indicated the degree to which many variables were correlated 
with one another. A wider discussion of the findings of this chapter and a summary of 
results are given in Chapter Seven. 
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Chapter Five 
RELATIONSHIPS BETWEEN 
MACROPHYTES AND SEDIMENT 
5.1 Introduction 
This chapter continues the presentation and analysis of results from data collected in the 
17 rivers identified in Chapter Three. The chapter considers the relationship between the 
sediments and physical characteristics of rivers with respect to the macrophyte species 
present within the rivers. These data address the need for information regarding the types 
and nutrient contents of sediments favoured by particular macrophyte species. A 
knowledge of the range of sediment conditions tolerated by different macrophyte species 
will benefit bioindication schemes and further understanding of the ecology of individual 
species. 
Initially, the sediments from within particular macrophyte species, across the 17 rivers, are 
described. Secondly, through multivariate analysis, the sediment characteristics of each 
site are considered with respect to the macrophyte community present, the water 
chemistry regime, the flow regime and the aspects of the channel habitat. 
5.2 Macrophyte Species and River Sediment Characteristics 
The sediment samples from the seventeen rivers were mostly collected from within the 
stands of a variety of macrophyte species, with the exception of 36 samples from 
unvegetated sediment (see Chapter Three). Sediments from beneath 21 different species 
have been sampled. Callitriche species (C. obtusangula, C. platycarpa, C stagnalis) were 
combined for data analysis purposes due to the difficulty in accurately determining 
species. Table 3.3 displays the species represented by the sediment samples (Chapter 
Three). There are clearly a number of species which are poorly represented because they 
were encountered only in one or two rivers. Species represented by less than six samples 
and/or represented only by one river are displayed in subsequent plots but are not 
discussed, acknowledging their limited statistical validity. Figures 5.1-5.3 are boxplots; 
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similar to those in Figures 4.1-4.3 but instead showing the six sediment variables plotted 
by macrophyte species (unvegetated samples are also displayed for comparison). 
5.2.1 Sediment Phosphorus and Macrophyte Species 
Figures 5.1 a and 5.1b display the TP and IP contents of sediments underlying the various 
, species. As outlined in Chapter 
Two many studies have found sediments to be the major 
source of phosphorus for macrophytes (cf. Barko et aL, 1991) and it has been stated that 
sediments are the major source of nutrients for macrophytes in rivers (Chambers et aL, 
1989). This suggests that some degree of relationship between sediment phosphorus and 
macrophyte species may be expected. The view that species have different trophic 
requirements (Holmes and Newbold, 1984) and respond differently to sediment nutrient 
supply (Denny, 1972), would suggest that across a number of rivers, there should be 
some evidence of different species responses to sediment phosphorus. That is, some 
species will be associated with low concentrations of sediment phosphorus and others will 
be associated with higher concentrations. Denny (1980) suggested that there would be a 
continuum of species in aquatic environments from those which depend exclusively on 
shoot uptake of nutrients through to those which depend on sediment nutrients alone (see 
Section 2.7.3). Therefore, there may be species which do not respond to sediment 
nutrients and will therefore show no particular preference for sediments of a particular 
nutrient status. 
Figure 5.1 a shows that there is some separation of species on the basis of the 
phosphorus concentration of the sediments in which they are rooted. Samples from bare 
sediments cover a wide range of TP concentrations reflecting the representation of all 
seventeen sites. However, Callitfiche spp. and Elodea nuffalld are both found on a wide 
range of sediments with respect to TP. A number of species seem to be associated with 
high TP concentrations (>1000ýtg/g P): Nuphar lutea, Potamogeton natans, Sagiuarld 
sagittifolia, Sparganium emersum and Sparganium erectum. These species are all 
species characteristic of silt and clay sediments and sluggish flows. But these sediments 
would be expected to be the most nutrient-rich, and therefore, it is difficult to distinguish a 
species effect from a river effect. Other species such as Myriophyllum spicatum and 
Potamogeton perfoliatus are associated with TP concentrations of less than 500ýtg/g P, 
although Myriophyllum spicatum was also recorded on sediment with TP concentrations 
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Figure 5.1 Boxplots of sediment characteristics by macrophyte species 
a) Sediment total phosphorus 
b) Sediment inorganic phosphorus 
220 
of over 1500ýtg/g P in the River Waveney. Myriophyllum spicatum grown in a two- 
chamber experiment was found to derive most phosphorus from the sediment rather than 
water (Bole and Allan, 1978), so the species would be expected to respond to different 
levels of phosphorus in the sediment. In the UK Myriophyllum spicatum is 
characteristically associated with a range of substrates, but is "more frequent over sand and 
gravel than over fine clay or silt" (Preston and Croft, 1997). As sand and gravel sediments 
characteristically have lower phosphorus concentrations than silt and clay sediments 
(Section 4.3.5), Myriophyllum spicaturn will therefore be expected to occur on sediments 
of fairly low phosphorus status even within in eutrophic systems where the species is 
often found. 
Differences in the TP concentrations of sediments underlying the four Potamogeton 
species (P. crispus, P. natans, P. pectinatus and P. perfoliatus) indicate differences in 
response to sediments within the genus. This is consistent with results from experiments 
growing three species of this genus (P. bunyonylensis, P schweinfurthii and A thunbergh) 
on mud and sand in which growth rates, although higher on mud than sand, were different 
for each of the taxa (Denny, 1972). Figure 5.1 a shows that Potamogeton pectinatus is 
associated with higher mean sediment TP concentrations than Ranunculus penicillatus 
subsp. pseudofluitans which is consistent with the established view that the former 
species is more tolerant of eutrophication than the latter (see trophic ranking in Holmes, 
1995). However, both species are found on a similar range of TP concentrations, and P. 
pectinatus is not associated with the highest sediment TP concentrations recorded during 
this study. This possibly arises because either this study did not sample the species on 
the most eutrophic sediments or the species shows a greater response to the trophic 
status of the water column rather than the sediments. 
Figure 5.1 b indicates that species are less distinct with respect to the IP concentrations of 
the sediments in which they are rooted than the TP concentrations. Figure 5.1b does, 
however, show a marked difference in the range of IP concentrations in sediments 
underlying Elodea nuffaffli relative to other species. A difference between the two Elodea 
species is clear, with Elodea nuffallY being associated with slightly higher IP 
concentrations and a wider range of IP concentrations than Elodea canadensis. 
Differences in these two species and their ability to source nutrients from the sediments 
and water were noted by Eugelink (1998) who found that the growth rate of Elodea 
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nuffallY was greater than Elodea canadensis in phosphorus uptake experiments. The 
differences were attributed to the fact that Elodea nuffaffli sourced more of its phosphorus 
from the sediments and was able to over-winter as prostrate shoots with green leaves. 
This allowed Elodea n0alld to grow faster earlier in the year and gain a competitive 
advantage over Elodea canadensis which dies back at the onset of cold temperatures and 
must grow from underground stems when temperatures increase. Myriophyllum spicatum 
and Potamogeton perfoliatus were both found on sediments with very low IP 
concentrations. 
It is difficult to determine the sediment phosphorus requirements of different species on 
the evidence of Figures 5.1a and 5.1b because: there is considerable overlap between 
the ranges of species; sample numbers differ for species; and the site effect cannot be 
excluded completely with only seventeen rivers (some species were sampled only in two 
rivers and both of these rivers may have had sediments with similar phosphorus 
concentrations). In addition to these sampling effects, there are a number of other 
reasons why clear relationships between species and sediment phosphorus 
concentrations are absent. 
First, relationships between macrophytes and sediment phosphorus concentrations often 
indicate a biomass response to phosphorus concentration (cf. Rattray et aL, 1991). In one 
of the few studies of nutrient uptake by macrophytes in flowing waters, biomass and shoot 
density were consistently greater for plants growing in high nutrient sediments but showed 
no significant response to water phosphorus or nitrogen levels (Chambers et al., 1989). 
Frequently, macrophyte response to sediment fertility is manifest through redistribution of 
biomass with root: shoot ratio increasing in nutrient-poor sediments (increasing the root 
surface area and thus improving uptake) (Barko et aL, 1991). This response of root: shoot 
biomass differs between macrophyte species (Barko and Smart, 1981). 
Second, is the problem of selecting a representative phosphorus measurement to link to 
macrophytes. There is an outstanding need for an analytical technique that extracts only 
the phosphorus available to macrophytes from the sediment. Possible bioavailable 
fractions are discussed in Chapter Three (Section 3.7.5). It is unlikely that either TP or IP 
accurately reflect the phosphorus that is important to macrophytes, and there is no 
consistent relationship between TP and quantity of phosphorus available for uptake 
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(Golterman et aL, 1983). Additionally, no attempt has been made to determine interstitial 
water phosphorus concentrations which may represent an important nutrient source for 
macrophytes. Agami and Waisel (1986), in a review of the sources of phosphorus for 
macrophytes, argued that rates of phosphorus uptake by plants would be more a function 
of phosphorus chemistry and availability and less a result of the characteristics of the 
absorbing organ. This suggests that differences in phosphorus fractions may be more 
important to macrophyte communities than the differences in species themselves. Jensen 
et aL (1998) observed dissolution of the carbonate matrix and resultant release of 
phosphorus within the rhizosphere of Zostera beds in Bermuda (see Chapter Two, 
Section 2.9.4). If this phenomenon is widespread, there is the possibility that macrophytes 
in calcareous streams are able to capitalise on mineral forms of phosphorus that 
conventional ideas on bioavailability would suggest to be locked within the sediment. This 
hypothesis remains untested. 
Third, it is possible that sediment phosphorus responses are of less importance in the 
structuring of macrophyte communities than other factors. For example, in highly turbulent 
flow or where there is a high suspended sediment load plant growth may not respond to 
nutrient increases as productivity will be suppressed by physical controls (Golterman et 
aL, 1983). Finally, differential responses to sediment phosphorus concentrations suggest 
that macrophyte species have distinct niches with respect to sediment phosphorus and 
this would manifest itself through competitive exclusion which Mainstone et aL (1993) 
suggest is the main mechanism for phosphorus impacts on macrophytes. However, such 
a view does not take account of the complex combination of factors which are responsible 
for determining macrophyte community structure in lotic waters, and assumes there are 
competitive interactions between macrophytes in such environments for which there is 
little evidence (McCreary, 1991). Although, experiments have demonstrated competition 
for sediment resources between Hydrilla verticillata and Valisneria americana (Van et aL, 
1999). There may be no relationship between macrophytes and sediment phosphorus 
which is strong enough to exclude particular species (either within the range represented 
by these seventeen rivers or in riverine environments in general). Little is known about the 
influence of nutrients on macrophytes (Golterman, 1995). The high concentrations of 
phosphorus in interstitial water and sediment suggest that it is unlikely that submerged 
aquatic macrophytes are limited by phosphorus (Barko et al., 1991). A study of sediment 
phosphorus concentrations and macrophyte biomass in two rivers in the UK and Czech 
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republic found a relationship (R2=0.796) (Rose, 1995); this was with only ten data points 
and so the conclusions must be treated cautiously. The factors confounding the response 
of macrophytes to sediment phosphorus concentrations will be discussed further in 
Chapter Seven. 
5.2.2 Sediment Nitrogen and Macrophyte Species 
Figure 5.2a displays the TN contents of sediments in which the various species are 
rooted. Elodea nuffallfi, Myriophyllum spicatum, Potamogeton crispus, P. pectinatus, P. 
perfoliatus and Zannichelfia palustris are all associated with low and limited ranges of TN 
contents if outlying values are excluded. In contrast Potamogeton natans and Sagiffaria 
sagiffifolia are both found across a relatively wide range of sediment TN contents. 
However, mean and median contents of TN are less than 0.4% for all species with a 
representative number of samples (n>6). Ranunculus penicillatus subsp. pseudofluitans 
and Sparganium emersum are both found on sediments with similar low-medium mean 
TN contents and ranges. 
Whether macrophytes obtain nitrogen from the sediments or water column is less certain 
than for phosphorus, and there is evidence that both root and shoot uptake occur (cf. 
Agami and Waisel, 1986). In flowing-waters, sediment concentrations of nitrogen and 
phosphorus producing maximum tissue concentrations in Potamogeton pectinatus were 
140ýtg/g N and 400ýtg/g P (Carr and Chambers, 1998). The lower requirements for 
sediment nitrogen concentrations were attributed to the plants being able to source 
nitrogen from both water and sediment (Carr and Chambers, 1998). Similarly, transplant 
experiments in Lake Taupo and Lake Rotorua, New Zealand, indicated that, although 
Myriophyllum tryphyllum and Lagarosiphon major plants grew better and had higher 
tissue concentrations of phosphorus on eutrophic sediments, there were no consistent 
trends in tissue nitrogen concentrations with the different sediments (Rattray et al., 1991). 
The importance of nitrogen for macrophytes has been demonstrated in fertilisation 
experiments with Myriophyllum spicatum (Anderson and Kalff, 1986). Nitrogen, 
phosphorus and potassium were added to in situ enclosures but only nitrogen significantly 
affected biomass and shoot length, and no interaction between the three nutrients was 
statistically significant (Anderson and Kalff, 1986). In this particular situation, natural 
interstitial water concentrations of nitrogen were very low in spring. Therefore, the addition 
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of nitrogen allowed Myriophyllum spicatum plants in fertilised plots to begin growth earlier 
in the year, promoting earlier flowering and canopy formation (Anderson and Kalff, 1986). 
The importance of nitrogen was also apparent in experiments where Elodea nuffalld was 
grown in sediments fertilised with combinations of nitrogen, phosphorus and potassium; 
growth was significantly stimulated by nitrogen, nitrogen and phosphorus and all three 
nutrients together but no effect was seen with phosphorus and/or potassium additions 
(Best et aL, 1996). Synergistic effects between nutrients have been observed elsewhere. 
In experiments in which Myriophyllum spicatum was grown in sand and sediment, 
phosphate additions were seen to increase nitrate availability (Best and Mantai, 1978). 
Different forms of nitrogen are likely to be related to macrophyte community structure and 
functioning in different ways and to different degrees. The possibility of a synergistic effect 
between nitrogen and phosphorus concentrations of the sediment on macrophyte species 
presence in the 17 rivers of this study is considered in Section 5.3.4. 
Although plants take up nitrogen as both ammonium and nitrate, ammonium needs no 
energy for reduction (Agami and Waisel, 1986) and so is the preferred form of nitrogen for 
plant uptake. As ammonium is usually present in higher concentrations in the sediment 
than in the water, Barko et aL (199liconcluded that sediments were the principal source 
of nitrogen for macrophytes. However, Barko et aL (1991) conceded that this may not 
apply to enriched riverine systems. There is also evidence that nitrogen may be depleted 
from the sediments more rapidly than phosphorus, as pools of ammonium in the sediment 
interstitial water appear to be buffered by smaller exchangeable pools than those for 
phosphorus (Barko et aL, 1991). Thus, nitrogen may be the limiting nutrient rather than 
phosphorus and many submerged macrophyte communities. Possible depletion of 
nitrogen, phosphorus and potassium in sediments was investigated by growing Hydrilla 
vefficillata plants on sediments that had been previously planted and those that had not 
(Barko et aL, 1988). Hydrilla verticillata biomass was reduced to a third on sediments that 
had previously supported plants and nutrient uptake was reduced to 26% (N), 26% (P), 
and 38% (K) of uptake on sediments that had not been planted. Furthermore, two growth 
periods resulted in sediment concentrations of nitrogen and phosphorus being reduced by 
95% and 36%, respectively, but exchangeable potassium concentrations being increased 
by 32% (Barko et aL, 1988). 
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In situations where shoot uptake of nitrogen is dominant, the nitrogen content of the 
sediment may still be important. Discussing results from laboratory experiments, where 
Eichomia crassipes plants Were grown in sediment-water columns containing isotope- 
labelled nitrogen (see Chapter Two, Section 2.7.2), Reddy et aL (1988) suggested two 
mechanisms for the transport of nitrogen from the sediment to plant shoots. Firstly, 
soluble organic nitrogen may be converted to ammonium in the sediment and this 
ammonium may diffuse to the overlying water, or secondly, soluble organic nitrogen may 
diffuse directly to the overlying water where it is mineralised to ammonium, the 
ammonium is subsequently taken up via plant shoots (Reddy et aL, 1988). These 
processes, if they occur in lotic waters, are unlikely to result in relationships between 
macrophytes and the nitrogen contents of the sediments in which they are rooted 
because of the transport of nitrogen compounds once they are soluble. 
Differences in the ability of species to assimilate nitrogen species, as well as a possible 
toxic effect of high ammonium concentrations, have been recorded. Dendbne et aL (1993) 
found that three Elodea species were affected by high concentrations of ammonium in the 
water column; whereas the net photosynthesis of Elodea nuffalld was stimulated, that of 
Elodea canadensis was inhibited whilst the net photosynthesis of Elodea emstiae was 
unaffected. Other experiments with Elodea nuffaffi and Elodea canadensis at different 
water nitrogen concentrations indicated that both species preferentially took up 
ammonium over nitrate and were negatively affected by nitrogen concentrations greater 
than 4mg 1-1 (Ozimek et aL, 1993). However, the relative growth rate of Elodea nuttallY 
was consistently greater than that of Elodea canadensis (Ozimek et aL, 1993). The 
differences between the two species may be attributable to the lesser competitive ability 
of Elodea canadensis (Robach et aL, 1995). Schuurkes et aL (1986) demonstrated that 
species characteristic of nitrogen-poor soft waters took most of their nitrogen as nitrate 
(63-73%) via their roots (83% of uptake), in contrast species growing in nitrogen-enriched 
acid waters took mainly ammonium (85-90% uptake), with shoots (71- 82%) as the major 
uptake site. 
The reciprocal relationship between macrophytes and sediments means that macrophytes 
are themselves able to alter the nitrogen chemistry of sediments and the water column 
(see Section 2.9.4). Macrophytes are able to take up large quantities of nitrogen and 
influence denitrification by providing a continuous supply of organic matter, increasing the 
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wet surface area for biofilms and trapping organic sediment (Faafeng and Roseth, 1993). 
In sediments, nitrification may occur in the rhizosphere through the transport of oxygen to 
roots but, in anoxic sediments, ammonification is likely to be the dominant process (Agami 
and Waisel, 1986). The effect of macrophytes upon the nitrogen concentrations of 
sediment will therefore be related to the chemistry of the sediment and the supply of 
organic material to the sediments. 
5.2.3 Sediment Organic Carbon and Macrophyte Species 
Figure 5.2b shows the OC contents for the river sediments by species. This plot again 
reflects the relationship between OC and TN with an almost identical pattern to Figure 
5.2a. There is little evidence of the importance of OC in structuring macrophyte 
communities. In marine lagoons, Zostera biomass was significantly correlated with OC in 
surface sediments (Sfriso and Marcomini, 1999). However, in marine systems, carbon 
limitation is more likely than in calcareous running freshwaters of the type sampled in this 
study. Vadstrup and Madsen (1995) investigated the role of inorganic carbon nutrition with 
in situ enrichment experiments, adding C02 and HC03' to Elodea canadensis and 
Callitriche cophocarpa, but found light to be the ultimate control on plant growth. Vascular 
plants are able to source carbon through roots (Sfriso and Marcomini, 1999) although the 
actual site of uptake will depend on species (Agami and Waisel, 1986). The samples 
collected from the seventeen rivers of this study provide no evidence to suggest that 
macrophyte species are responding differently to OC contents. 
5.2.4 Sediment Organic Matter and Macrophyte Species 
One of the earliest studies of the factors controlling aquatic macrophyte distributions 
suggested that the abundance of macrophytes in lakes could be related to sediment 
organic matter content (Pearsall, 1920). Figure 5.3a shows that many of the species in 
the seventeen rivers of this study are growing on sediments with OM contents of less than 
10% if outlying samples are excluded. The species associated with sediments that have a 
wide range of OM contents (for example, Potamogeton natans) are also the species with 
sediments with high TN and OC ranges further highlighting the relationship between these 
three vadables. Temporal variability will confound patterns between species and OM as 
some species reach maximal biomass earlier in the year and thus plant material is 
returned to the sediment at varying rates and times. 
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The relationship between macrophytes and organic matter is a complicated one because 
the plants will increase the organic matter content of the sediments through decay and 
trapping of organic particles; and the ability of species to build up deposits of organic 
matter at their base will depend on the shoot morphology and stand type (Sand-Jensen, 
1998). This accumulation of organic matter within plant stands may ultimately limit plant 
growth as organic matter has been demonstrated to have an inhibitory effect particularly 
in submerged species which are unable to oxidise the rhizosphere (Agam! and Waisel, 
1986). Barko and Smart (1983) grew three emergent and three submerged macrophytes 
on sediment with added labile and refractory organic matter. The organic matter caused 
changes in the interstitial water chemistry reducing dissolved organic carbon, conductivity, 
manganese, iron and phosphate and reduced growth of the macrophytes. Consistent with 
the view of Agami and Waisel (1986), inhibition was greatest for submerged plants and 
was associated with high concentrations of soluble organic compounds in the interstitial 
water. The type and state of the organic matter was important with aged Myriophyllum sp. 
material (labile) actually increasing growth and refractory material having the greatest 
inhibitory effect (Barko and Smart, 1983). The effect of organic matter is manifest through 
two possible mechanisms. First, macrophyte nutrition on highly organic sediments may be 
affected by the presence of phytotoxins; and, secondly, as organic matter content is 
intrinsically related to sediment density, nutrient uptake by macrophytes is hindered on 
low density organic sediments due to the long distances over which nutrients must diffuse 
(Barko et aL, 1991). It is unknown whether these organic matter effects are evident in 
nature as there are a large number of species with a wide range of organic matter 
tolerances (Anderson and Kalff, 1988). Potamogeton pectinatus biomass was shown to 
be greatest on mid-range organic matter sediments (20-30%), although no similar 
relationship was found for Myriophyllum spicatum leading Wertz and Weisner (1997) to 
conclude that sediment density and organic matter content were not good predictors of 
growth. 
Without knowledge of the composition of the organic matter displayed in Figure 5.3a it is 
difficult to conclude whether any of the sediments have the potential to inhibit macrophyte 
growth. Contents are less than the 20-30% organic matter shown by Wertz and Weisner 
(1997) to give maximal Potamogeton pectinatus biomass, but many are greater then the 
5% content that inhibited growth in Hydrilla vetticillata, Myriophyflum spicatum and Elodea 
canadensis in Barko and Smart's (1983) study. The type of organic matter in the 
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sediments will depend on small-scale retention within plant stands through to catchment- 
scale processes regulating terrestrial inputs. In-stream retention of organic material by 
macrophyte beds may be significant (Sand-Jensen, 1998) and may explain higher 
denitrification rates of vegetated sediments compared with bare sediments (Christensen 
and Sorensen, 1988 quoted in Sand-Jensen, 1997). Retention of material closes the 
nutrient cycle, making nutrients available again for macrophyte growth. The rate at which 
these nutrients become available again depends on the origin of the organic material. 
Nutrients from phytoplankton will be remineralised within days, however most 
macrophytes die-back during the autumn and so their material mixes with the sediment 
where remineralisation may take months or years (Golterman, 1995). 
5.2.5 Sediment Silt-Clay Content and Macrophyte Species 
The physical structure of the sediments will influence nutrient availability and the ability of 
plants to root within the sediments. The interaction between flows of river water and 
sediment composition is complex and has the result that macrophytes appear to respond 
to both flow and sediment particle size. There are clear associations between species and 
sediment composition in rivers. Early studies distinguished between non-silted 
(Ranunculus penicillatus, Myriophyllum spicatum); partly silted (Sparganium simplex, 
certain Potamogeton spp. ) and silted (Potamogeton lucens, Potamogeton pectinatus, 
Callitriche stagnalis) communities (Butcher, 1933). Figure 5.3b shows that, in this study 
there are species associated with a wide range of sediment types, for example, Callitriche 
spp. Potamogeton natans, Sparganium emersum and Sparganium erecturn. Elodea 
nuffaffl, Myriophyllum spicatum, Potamogeton crispus, Potamogeton perfoliatus and 
Zannichellia palustris are all associated with samples which are mostly less than 20% SC. 
This confirms that Myriophyllum spicatum is more frequently found on sandy sediments 
than fine clay or silt (Preston and Croft, 1997, see Section 5.2.1). Species associated with 
finer sediments include species that grow as dense stands and thus, may accumulate 
large quantities of fine material (Apium nodiflorum, Potarnogeton pectinatus and 
Ranunculus penicillatus subsp. pseudofluitans) and deeper-rooted species of sluggish 
channels (Nuphar lutea, Sagiffaria sagiffifolia and Sparganium spp). This is consistent 
with the established view that coarse sediments support genera with tough stems, roots 
and adventitious roots (for example, Ranunculus spp. and Myriophyllum spicatum) and 
finer sediments support more fragile stoloniferous plants, for example, Callitriche spp. and 
plants with buried rhizhomes such as some Potamogeton spp. and submerged 
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Sparganium spp. (Hynes, 1970). However, even in rivers with coarser sediments, silt and 
clay contents may be high within plant stands due to deposition through flow reduction 
and trapping of fine particles (cf. Petticrew and Kalff, 1992; Sand-Jensen and Mebus, 
1996). 
The effect of sediment particle size on macrophytes is both direct, affecting rooting and 
anchoring ability, and indirect as finer sediments are generally more fertile. However, 
once rooted, plants are able to modify the sediment and flow environment and therefore, it 
is possible that the effect of sediment particle size is only important in allowing the 
colonisation and establishment of plants (see Section 2.9 and Chapter Seven). Early 
experiments (see Hutchinson, 1975) compared the growth of macrophytes on sand and 
mud, but it is likely that differences in growth rate were a consequence of nutrient supply 
rather than any physical effect of particle size. More recent work has shown that three 
species grown at various lake depths had higher biomass when grown on sediments than 
when grown on sediments with 70% and 90% sand (Chambers and Kalff, 1987). 
However, although Potamogeton praelongus was more affected by sediment type than 
lake depth, Potamogeton robbinsfi growth was primarily controlled by irradiance 
(Chambers and Kalff, 1987). Similarly, total macrophyte biomass was significantly 
different among sediment classes in ten Canadian lakes with organic sediments 
supporting significantly more biomass than gravel sediments, and silt sediments 
supporting more biomass than sand sediments (Anderson and Kalff, 1988). In contrast, 
Wertz and Weisner (1997) found no significant difference between the average plant 
growth of either Myriophyllum spicatum or Potamogeton pectinatus grown on sandy and 
non-sandy sediments. Owing to the influence of macrophytes upon sedimentation of fine 
material and the intrinsic link between sediment chemistry and particle size, it is difficult to 
ascribe species preferences for a particular sediment type on the basis of physical 
structure alone. 
5.2.6 Differences Between Vegetated and Unvegetated Sediments 
At each of the sites sampled in this study, two sediment samples were taken (except in 
the Whilton where four samples were taken) from bare, unvegetated sediments. Figures 
5.1-5.3 suggest that there were no obvious differences between these unvegetated 
sediments and the other samples from within macrophyte stands. In terms of all six 
sediment variables, the unvegetated sediments cover almost the whole range of values in 
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the dataset. 
A series of two-sample Student's t tests were performed to investigate the difference 
between mean values of sediment characteristics for vegetated and unvegetated 
sediments (Table 5.1). F tests were employed to determine whether variances of the two 
samples were equal; the appropriate form of the t test was selected on the basis on the F 
test result. The Student's t test was chosen because it is known to be robust (particularly 
when a two-tailed test is employed) to departures from the test assumptions (Zar, 1996). 
This was considered important as the vegetated and unvegetated samples may not 
represent a normally-distributed population and no data transformations were performed. 
Table 5.1 indicates that vegetated and unvegetated sediment samples were not 
statistically different on the basis of the six sediment characteristics, and confirms the 
observations of the boxplots. 
Table 5.1 Results of two-sample Student's t test used to test the difference in 
means of vegetated (n=304) and unvegetated (n=36) samples 
TP IP TN oc om sc 
p value 0.482 0.614 0.385 0.501 0.326 0.302 
(two-tailed) 
Table 5.2 displays information on the characteristics of the unvegetated sediment 
samples relative to the characteristics of all sediments collected within each river. Within 
some rivers the two (four in the case of the Whilton Branch) unvegetated sediments are 
very similar and the range of values for particular characteristics are small relative to the 
overall variability within the river (twenty samples). For example, the ranges of TP values 
in the unvegetated sediments of the Eden, Hiz, Loddon, Rhee and Wey are all less than 
10% of the ranges for all samples from these rivers. On the basis of some characteristics 
the unvegetated sediments are so similar that they represent less than 0.5% of the range 
for their respective rivers, for example, Loddon JN), Eden (OC), Avon and Tove (both 
SC). In contrast, in some rivers the unvegetated samples are very different. The two 
unvegetated samples from the Whitewater have the minimum and maximum 
concentrations of TP and IP between them; the two samples are also very different in 
terms of OM and SC, which may explain the greatly differing phosphorus concentrations 
(see Section 4.3). 
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Table 5.2 Range of unvegetated sediment sample characteristics as a percentage 
of the range for all samples from each site (all values 
River TP IP TN 0C OM SC 
Allen 38 63 25 12 64 6 
Avon 16 26 21 22 26 0 
Dove 34 21 90 92 66 14 
Dun 49 38 5 99 13 19 
Eden 5 40 12 0 19 76 
Frorne 16 5 21 36 23 48 
Hiz 53 17 21 18 1 
Itchen 15 3 36 57 86 11 
Loddon 5 28 012 42 
Rhee 7 12 71 76 87 53 
Test 31 15 65 18 55 
Tove 15 49 55 21 0 
Waveney 48 32 40 34 10 16 
Wey 64 15 23 14 2 
Whilton 57 50 95 100 88 95 
Whitewater 100 100 17 52 96 91 
Wylye 39 18 60 4 17 5 
1 n=2 for unvegetated samples (except for Whilton Branch where n=4) 
These results do not support the findings of research that has found that macrophytes are 
able to significantly alter the sediment environment, as described in Chapter Two, Section 
2.9 (cf. Sand-Jensen et aL, 1989; Petticrew and Kalff, 1992; Moore et aL, 1994; Wigand et 
aL, 1997; Sand-Jensen, 1998). For example, sediments colonised by Myriophyllum 
spicatum and sediments cleared of vegetation in the littoral zone of a lake were found to 
differ in the interstitial water concentrations of ammonia and, to a much lesser extent, 
reactive phosphorus but there were no differences in mean sediment porosity, total 
carbon, total nitrogen and total phosphorus (Carignan, 1985). However, the author makes 
no mention of root removal, and the elevated ammonium concentrations could be a result 
of in situ decay of root material in anoxic conditions. 
The data from the seventeen rivers in the present study do not indicate any apparent 
differences between vegetated and unvegetated sediments. However, this may be a 
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function of the high degree of sediment heterogeneity evident at the sites and that bare 
sediments were collected on a random basis. Additionally the small number of samples 
from unvegetated sediments is unlikely to be representative of the bare area of the river 
bed as a whole. A comparison of vegetated and unvegetated sediments is required with 
equal numbers of vegetated and unvegetated samples collected in a number of streams. 
5.3 Multivariate Relationships Between Sediment, River Characteristics and 
Macrophytes 
The relationships between sediment parameters and individual species are clearly 
complex and, as parameters are inter-related, it is difficult to interpret the response of 
species to particular sediment parameters. Survey data of this type are commonly 
analysed using multivariate statistical techniques that are able, simultaneously, to 
consider the relationships between a number of variables. In this section, the data on 
sediment characteristics and macrophyte communities are investigated through the use of 
canonical ordination and multiple discriminant analysis. 
5.3.1 Ordination Techniques 
Ordination techniques such as principal components analysis (PCA), correspondence 
analysis (CA) and more recent constrained techniques such as, redundancy analysis 
(RDA) and canonical correspondence analysis (CCA) have been widely used for the 
analysis of environmental data (cf. Arts and Leuven, 1988; GrasmOck et al., 1995; Haury, 
1996; Spink et al., 1997; Demars and Harper, 1998; Baattrup-Pedersen and Riis, 1999). 
Species abundance is affected by a number of different environmental variables and the 
relative importance of these variables may be assessed through ordination (Jongman et 
al., 1995). Ordination may be applied in two ways: exploratory to investigate how 
community composition varies with the environment; and confirmatory to test the effect of 
particular environmental variables on community composition taking into account the 
effect of other variables (ter Braak and Smilauer, 1998). Ordination axes are derived from 
the total community data and may be "considered as latent variables, or hypothetical 
environmental vaiiables, constructed in such a way as to optimise the fit of the species data to a 
particular (linear or unimodal) statistical model of how species abundance varies along gradients" 
(ter Braak and Prentice, 1988). 
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The application of ordination techniques has received a certain amount of criticism due to 
the numerous examples of ordination being presented as the end result of an 
investigation (Kent and Coker, 1995). However, ordination has great value in generating 
hypotheses (Spink, 1992) and is thus appropriate for the analysis of survey data and for 
directing subsequent experimental work. An ordination technique was used in an 
exploratory sense in this study and the results are presented with the defence that very 
little is known about the relationships between river sediments and macrophyte 
communities and thus there is an outstanding need for the generation of hypotheses upon 
which future work can be based. 
5.3.2 Canonical Ordination of River Species Data 
Indirect gradient analysis (PCA, CA) involves the interpretation of the environmental 
gradient produced by ordination with respect to the variables that are known. This may be 
problematic if the main variation in the species community data is the result of 
environmental gradients that have not been measured. In such a situation, the ordination 
diagram may not provide information about the community composition with respect to the 
variable of interest. In contrast, canonical or constrained ordination (multivariate direct 
gradient analysis) constructs ordination axes that must be a linear combination of 
supplied environmental variables. Thus, canonical ordination allows the patterns in the 
ordination of species data to be investigated with reference to the environmental variables 
of interest. Environmental variables are included in the ordination diagram that displays 
patterns of species composition and relationships between species and environmental 
variables. Therefore, canonical ordination is direct gradient analysis and a combination of 
regular ordination and aspects of regression (ter Braak, 1995). Canonical ordination may 
fit either linear (redundancy analysis - RDA) or unimodal (canonical correspondence 
analysis - CCA) models to the response of the species data to environmental gradients, 
Ordination using CANOCO (v. 4.0) was performed on species abundance data recorded 
on a nine point scale (74 species, 330 occurrences) and 26 environmental variables (all 
log transformed (log x+1), except water column pH) for each of the seventeen rivers 
(Table 5.3). The 26 environmental variables were the same as those used in the PCA 
(Chapter Four, Section 4.4.3). In acknowledgement of the taxonomic difficulty of the 
Callitfiche genus, C. obtusangula, C. platycarpa, C. stagnalis and those Callitriche 
specimens that could not be assigned to species, were combined under the heading 
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Callitfiche spp. The three species are not known to have greatly differing environmental 
preferences and occur in similar habitats, therefore the grouping should not adversely 
affect the ordination. Twenty three species occurred at only one site (less than 6% of 
samples) and were considered rare in the dataset and excluded from all ordination 
analyses. 
To select the appropriate model for canonical ordination, a detrended correspondence 
analysis (DCA) was performed on the species data. DCA gives the gradient lengths of the 
species data where, if the maximum gradient length exceeds four standard deviations of 
species turnover, the species show a strong unimodal response to environmental 
gradients. If gradient lengths are short (less than three standard deviations), a linear 
method is more appropriate. The DCA found the maximum gradient length to be 2.091, 
consequently canonical ordination proceeded using linear methods (RDA). 
Table 5.3 Environmental variables included in forward-selection RDA (variables are 
those used in PCA, Section 4.4.3) 
Environmental Variable Notes 
pH Water column pH (1 year mean) from Environment Agency 
data* 
Water Chemistry Orthophosphate, ammonia, TON (I year mean) 
from Environment Agency data* 
Sediment Parameters Mean site values of WTP, TP, IP, TN, OC, OM, SC 
Flow Vadables Mean flow (3 year), coefficient of variation (3 year), base flow 
index (BFI)* 
Channel Shading % of channel dense shade, broken shade, unshaded 
Channel Habitat % of channel pool, run, riffle or slack 
Channel Width Average channel width (m) 
Water Depth % channel < 0.25m, 0.25-0.5m, 0.5-1 m, >I m deep 
* Archive data as described in Chapter Three, Sections 3.10 and 3.11 
5.3.3 RDA of Species Community Data and Site Environmental Variables 
Table 5.3 indicates that measurements of a number of environmental variables were 
available, many of these variables will have a limited influence on species composition 
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and thus will only be weakly related to the variation in species data. Additionally, RDA can 
only be performed when the number of environmental variables is less than the number of 
samples - in this instance seventeen. 
An RDA with forward-selection was performed to reduce the number of environmental 
variables and to choose only those that best explain the variation in species data. Monte 
Carlo permutation tests were used (999 unrestricted permutations) to determine whether 
selected environmental variables were statistically significant in explaining the variation in 
species data. Three environmental variables were found to be significant (p<0.05) - BFI, 
sediment TN and percentage of the channel shaded. 
The RDA was re-run with only the three significant environmental variables included and 
no forward-selection for the purposes of producing an ordination diagram and to test the 
significance of the ordination. The analysis explained 27.9% (first two axes) of the total 
variation in species data (the three constrained axes explained 36% in total). Thus, there 
is a large proportion of the variation which remains unexplained, however, species data 
are often very "noisy" and an ordination which explains only a limited amount of the 
variation can still be valuable (ter Braak and Smilauer, 1998). The eigenvalues of the first 
three axes were 0.150,0.129 and 0.081 and the unconstrained fourth axis had an 
eigenvalue of 0.153. Both the first axis and all of the canonical axes together were 
significant (p< 0.05, Monte Carlo test, 999 unrestricted permutations). A triiplot of the RDA 
ordination is displayed in Figure 5.4 and the axis scores for each of the environmental 
variables are given in Table 5.4. 
Table 5.4 RDA axis scores for the three environmental variables 
Variable Axis I Axis 2 Axis 3 
Sediment TN -0.2422 0.8785 0.2860 
BFI -0.6640 -0.5491 0.0905 
% ChannelShaded 0.2310 -0.3425 0.7926 
The triplot and ordination results indicate that a considerable amount of variability in 
species data is explained by BFI and that the importance of sediment TN concentrations 
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may largely be a result of high values of this variable in the river Waveney. Firstly, to 
investigate whether the variation in BFI values was masking other environmental 
variables a partial RDA with forward-selection was performed (cf. ter Braak, 1996). The 
partial RDA included BFI and shade as covariables to consider how species distributions 
varied with other environmental variables, assuming BFI and shade were equal across 
the dataset. Shade was included as a covariable, because the main purpose of the 
analysis was to investigate the influence of sediment variables on species composition. 
Figure 5.4 indicates that shade may be important in separating a number of sites and 
species. 
The partial RDA with forward-selection indicated that sediment OC and the proportion of 
the channel deeper than 1m were both significant (<0.05, Monte Carlo, 999 unrestricted 
permutations). However, reference to the PCA results (Chapter Four, Figure 4.11) 
indicates that these two variables are correlated with one another and with sediment TN 
and they therefore, provide no further information than the original analysis. To investigate 
the possible influence of high TN values (and high OC values) in the River Waveney , the 
Waveney was excluded from a final analysis and added as a supplementary sample. 
Supplementary variables, species or samples are those which do not influence the 
ordination but are related to the derived axes afterwards. A forward-selection showed that 
with the Waveney as a supplementary variable only BFI was significant (p<0.05, Monte 
Carlo, 999 unrestricted permutations), if BFI was included as a covariable then no 
environmental variables were statistically significant. 
Figure 5.4 and axis scores for the environmental variables (Table 5.40) indicate that Axis 
I represents either a combination of environmental variables or a factor that was not 
considered during this study. Axis 2 seems to reflect increasing sediment TN 
concentrations. The ordination suggests that of the environmental variables studied, 
sediment TN and BFI are most important in explaining species composition. The 
percentage of the channel shaded has less importance but is still statistically significant. 
The relationship of a species to the environmental variables is determined by the size of 
the angle between the environmental variable vector and a vector linking the species 
point to the origin of the ordination. Species (or sites) close to the centre of the diagram 
are less correlated with the environmental variables than species whose point lies further 
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form the centre (Jongman et aL, 1995). Using these criteria, it is clear that the abundance 
of Ranunculds penicillatus subsp. pseudofluitans is positively correlated with BFI. In 
contrast, species, such as Sparganium erectum and Nuphar lutea, are negatively 
associated with BFI. This is intuitive and reflects the presence of Ranunculus penicillatus 
subsp. pseudofluitans in chalk streams which have a high BFI. 
Conversely, the other two species are commonly occur in slower-flowing, deeper habitats, 
such as clay streams where the BFI is likely to be considerably lower. A number of 
species are correlated with increasing sediment TN concentrations; Phragmites australis, 
Callitriche spp., Alopecurus geniculatus and Carex riparia, in particular. However, it 
seems likely that these correlations reflect the presence of the species in the River 
Waveney which has particularly high sediment TN concentrations. Marginal, wetland 
species such as Glyceria maxima and Lycopus europaeus, filamentous green algae 
species and the moss Amblystegium riparium are all correlated with the shade gradient. 
Some species are positioned near the centre of the triplot and therefore they are not well 
represented by the ordination plot. These species include the two submerged species, 
Potamogeton pectinatus and Elodea canadensis. This may reflect the wide range of 
conditions in which these two species were found in the 17 rivers. Both species were 
found to have wide tolerances with respect to sediment nutrient concentrations (Section 
5.2). 
The positioning of the sites on the ordination plot highlights the importance of catchment 
scale factors in determining the macrophyte community composition at a particular site. 
There is a clear grouping of chalk streams (Allen, Avon, Dun, Hiz, Itchen, Whitewater, 
Wylye and possibly the Frome) associated with the BFI gradient. Rivers with a more 
impermeable geology, Dove, Eden and Tove, are negatively correlated with BFI. The 
River Waveney and the River Test appear to be more closely correlated with sediment TN 
values than this BFI gradient. This may reflect the large quantities of organic material 
retained within the sediments of plant stands in these two rivers. Finally, the rivers 
Loddon, Rhee and Wey are associated with the shade gradient, further reinforcing the 
view that catchment and reach scale characteristics are of greater importance than 
sediment fertility in determining macrophyte community composition. 
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The RDA provides little information on the role of sediment nutrients in determining 
macrophyte communities within the seventeen rivers. However, the RDA indicates that 
catchment scale factors such as geology (BFI) may be more important in determining 
macrophyte community composition than the trophic status of water or sediment. This 
may reflect the limited trophic range of the seventeen rivers which may all be considered 
meso-eutrophic. The relationships between the nutrient status of the sediment and the 
macrophyte communities were considered by including the sediment variables in the RDA 
as supplementary variables. These supplementary variables are displayed in Figure 5.4. 
The position of the sediment variables reflects the associations between variables as 
discussed in Chapter Four and considered in the PCA (Section 4.4.3). Sediment TN and 
OC are evidently closely correlated and therefore, the inclusion of TN as a significant 
variable in the forward selection RDA would cover any variation explained by OC. Figure 
5.4 also shows a correlation between SC and TN, that was less obvious in earlier 
analyses. The sediment phosphorus variables (TP and 1P) are closely correlated (see 
Section 4.3.1) and are opposite the arrow for BFI, reflecting the higher sediment 
phosphorus concentrations in clay streams relative to base-flow dominated systems. This 
is a result of the finer sediments present and the typical land-use of the clay catchments 
studied (mainly intensive arable). WTP appears as a combination of TP and SC according 
to the manner in which it was calculated (Section 4.4). 
Other attempts to use canonical ordination in investigations of riverine macrophyte 
communities have been successful to varying degrees. A DCCA of 57 river sites in 
England and Wales also suggested shade to be of intermediate importance but found 
water column pH, sediment nitrogen and potassium concentrations and the influence of 
management to be of high importance in determining the distribution of Batrachian 
Ranunculus species (Spink et aL, 1997). Similarly, a CCA of macrophyte communities in 
Danish streams indicated that amphibious and terrestrial species were primarily 
associated with fine substrates whereas submerged species were associated with coarser 
sediments (Baattrup-Pedersen and Nis, 1999). Robach et aL (1996) investigated the 
affect of nutrient status on alkaline and acidic waters in France using PCA and were able 
to identify two separate eutrophication gradients, each dependent upon the mineral status 
of the water. A PCA of macrophyte community data and water samples from groundwater 
streams in the Alsace uncovered two main gradients, one related to trophy and the other 
related to water temperature and dissolved oxygen content (Carbiener et aL, 1990). 
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However, in this study, arl: efacts of the data resulted in a paradoxical association of high 
nitrate concentrations with the low end of the trophic gradient highlighting the problems 
with ordination techniques. A PCA of 21 streams in France by GrasmOck et aL (1995) also 
found that the first two axis were correlated with water chemistry variables. However, the 
first axis most closely represented a gradient between upstream and downstream 
sections which reflected a number of factors, including brightness and mineralisation 
variables, such as conductivity, hardness and total alkalinity. By superimposing the 
species data onto the PCA, the authors were able to associate species with these factors. 
Another study using PCA, on data collected from the River Oir, France, found that 
physical variables such as stream order, depth, width, current velocity and substrate size 
were of greater importance in distinguishing streams than water chemistry variables 
(Haury, 1996). 
Often, the numerous factors affecting riverine macrophyte communities lead to ordination 
analyses that either reflect weak gradients with respect to the environmental variables of 
interest, or else highlight very general gradients such as the effect of stream type and 
geology in the RDA presented here. For example, in a DCA of 23 sites on the River 
Welland, UK, Demars and Harper (1998) derived an axis related to water course size and 
a second axis with no obvious gradient, leading to the conclusion that the over-riding 
factor affecting macrophyte species distributions within the catchment was the stream 
size. Demars and Harper (1998) suggested that stream size reflected other environmental 
factors, of direct importance, such as immediate landuse, riparian disturbance by cattle 
and shade. The nature of ordination techniques in reflecting all gradients of variation 
within macrophyte communities may therefore lead to certain factors obscuring the 
gradients of interest. 
5.3.4 Multiple Discriminant Analysis 
Multivariate relationships between plant species and individual sediment samples were 
investigated through multiple discriminant analysis (MIDA) in CANOCO. Discriminant 
analysis is a statistical technique that can be employed to investigate differences between 
groups of objects. It is appropriate when dependent variables are categorical (non-metric) 
and can be divided into mutually exclusive groups determined by a series of independent 
metric variables. MDA is used to predict group membership from a set of variables and 
attempts to delineate and minimise within-group variance and maximise between-group 
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variance (KIecka, 1980). It may be considered a form of multiple regression where the 
dependent variables are categorical. The method involves deriving a discriminant function 
or variate representing the linear combination of the independent variables that 
discriminate most effectively between 2 or more a priori defined groups (Hair et al., 1998). 
MDA was used to investigate whether there are groups of macrophytes that differ from 
one another in terms of the sediment that they grow upon. The aim was to distinguish 
groups of plants on the basis of the physical and chemical sediment variables (TP, IP, TN, 
OC, OM and SC). WTP was not considered, as in earlier analyses it was not shown to 
provide any further explanation of species distribution. There are examples of the use of 
MDA in aquatic ecology for example, the classification of wetland vegetation (Hills et aL, 
1994) and to investigate invertebrate grazing of periphyton on aquatic plants (Jones et aL, 
2000). 
Two analyses were investigated with groups determined by species and by functional 
attributes. MDA was performed using CANOCO (v. 4) where it is termed canonical 
variates analysis (CVA). MDA is possible in CANOCO because CCA, one of the methods 
available in the program (see Section 5.3.1), is a generalisation of MDA (ter Braak and 
Smilauer, 1998). The group or cluster means provided in CANOCO are separated by 
Mahalanobis distances which may be used to classify further samples into particular 
groups. The statistical significance of differences between groups can be analysed using 
Monte Carlo permutation tests in CANOCO. This test has the advantage over MDA 
significance tests in that it does not require environmental variables to be normally 
distributed (ter Braak and Smilauer, 1998). 
5.3.5 MDA - Classification by Species 
With the aim of determining whether macrophytes could be distinguished by sediment 
variables on a taxonomic basis a priori groups were established by species. Only species 
represented by ten or more samples from the seventeen rivers were included, resulting in 
ten species groups: Apium spp. Calfitfiche spp, Elodea canadensis, Elodea nuffalld, 
Myriophyllum spicaturn, Nuphar lutea, Potarrogeton pectinatus, Ranunculus penicillatus 
subsp. pseudofluitans, Sparganium emersum, and Spargnium erecturn. Additionally, 
unvegetated samples were included as an eleventh group, to determine whether there 
was a particular sediment type that did not support macrophytes. Group sizes ranged 
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from 10 (Elodea canadensis and Sparganium erectum) to 84 (Ranunculus penicillatus 
subsp. pseudofluitans). The 294 individual sediment samples that remained once 
unrepresentative samples (less than 10 samples per species) had been discarded were 
entered into the MDA as samples. For each sample, the species from underneath which it 
was taken was indicated by a presence record for the species group. The values for the 
six sediment variables (TIP, IP, TN, OC, SC and OM) for each of the 294 samples were 
log-transformed (log(x+l)) and entered as environmental data upon which the linear 
discriminant functions were to be based. 
A forward-selection MDA was performed to determine which of the six sediment samples 
were statistically significant (p<0.05) in linear combinations best discriminating the eleven 
groups. Significance was determined by Monte Carlo permutation tests (999 unrestricted 
permutations); TP (p=0.001), SC (p=0.001) and OM (p=0.010) were found to be 
statistically significant. A second MDA was performed with these three significant 
variables only, four discriminant functions were derived in total but the final function was 
unconstrained. Both the first function and all four functions together were significant 
(P<0.05, Monte Carlo tests, 999 unrestricted permutations). The eigenvalues given by 
CANOCO are atypical for an MDA and are best reported as: 
0=XI (I-%) 
where: X is the eigenvalue given by CANOCO 
(ter Braak and Smilauer, 1998, p. 297) 
The three MDA eigenvalues (0) were 0.256,0.208 and 0.058, the fourth eigenvalue was 
1 . 000. Figure 5.5 is a biplot of the MDA based on species groups and shows the three 
sediment vadables and the tolerances of the ten groups. The tolerances represent the 
within-group variation. The discriminant functions cumulatively explain between 0.25% 
(Potamogeton pectinatus) and 10.82% (Myriophyllurn spicaturn) of the within-group 
variance for each individual group. The biplot shows that there is considerable overlap 
between the tolerances of the groups, indicating that the discriminant function separates 
the groups of species poorly. This is confirmed by the low amount of variance in species 
data explained by the first two discriminant functions (2.0% and 1.8%). Only the 
Myriophyllum spicatum group and the Elodea nuffaffli group have a significant area which 
does not overlap with any other group. However, this is largely a result of the large 
tolerance values for these two groups. The MDA biplot indicates that the unvegetated 
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Figure 5.5 MDA biplot showing the distribution of macrophytes, classified according to 
species along the first two discriminant functions. Only species represented by 10 or more 
sediment samples were included; unvegetated samples were included for comparison. 
The sediment variables that were significant at separating the species groups are also 
shown. The influence of sediment variables was determined by forward-selection using 
Monte-Carlo tests (999 unrestricted permutations). Species groups are displayed by their 
tolerances around the centroid for each group, thus the centroid for a particular ellipse is 
located at its centre point. 
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sediments are not different to those that support macrophytes, with respect to the 
parameters considered. The biplot shows that neither of the first and second discriminant 
functions closely reflect the three environmental variables included in the analysis. 
5.3.6 IVIDA - Attribute Groups 
There is evidence to suggest that the morphology of plants and the possession of 
particular traits may determine plant strategy and, in turn, the relationship between plants 
and their environment (Gdme, 1979). Attempts have been made to extend this approach 
to aquatic macrophytes (cf. Kautsky, 1988; Murphy et aL, 1990). More recently, European 
hydrophytes have been classified into twenty attribute groups (Willby et aL, 2000). The 
possession of particular traits (including growth form, shoot architecture, leaf area and 
means of reproduction) and the nature of these traits (attributes) were used to classify 
species into the twenty groups (Willby et aL, 2000). 
These attribute groups may give a better indication of the relationship between plants and 
sediments than taxonomic groups. Plants with similar growth forms, root structure and 
stand architecture may be expected to influence and respond to the sediment in similar 
ways irrespective of their taxonomy. Denny (1972) suggested that the importance of 
sediment nutrients would vary between species due to differences in morphology. Looking 
at macrophyte-sediment relationships on the basis of plant morphology and life form may, 
therefore, highlight the sediment preferences of groups of species rather than individual 
species. 
Sediment samples were grouped by the attribute groups of Willby et aL (2000) on the 
basis of the macrophyte species growing upon them. Unvegetated samples and two 
samples from beneath a Chara species were removed before grouping. Table 5.5 shows 
the final grouping of samples based on attribute groups. The composition of the attribute 
groups is given in Appendix C. 
The recoded attribute groups (A - K) were entered into the MDA as a priori groups and 
the six sediment vadables (log-transformed) were entered as environmental variables. A 
forward-selection MDA was performed to determine the statistically significant 
environmental variables. Three variables were found to be significant: TP (p=0.001), SC 
(p=0.001) and OM (p=0.006) (Monte Carlo permutation tests, 999 unrestricted 
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permutations). A second MDA was performed with these three variables only. 
Permutation tests (999 unrestricted permutations) showed that the first discriminant 
function and all functions together were statistically significant (p=0.001, for both). 
Eigenvalues (0) for the first three functions were 0.311,0.091 and 0.049, respectively, 
The fourth function was unconstrained and had an eigenvalue of 1.000. The discriminant 
functions cumulatively explain between 0.22% (Group K) and 9.86% (Group J) of the 
within-group variance for each individual group. The first two discriminant functions 
explain just 2.6% and 1.0% of the variance in species data, respectively. 
Table 5.5 Distribution of the sediment samples among attribute groups 
Group' Attribute GroUp2 Number of Sediment Samples 
A 
B 
C 
D 
E 
F 
G 
H 
i 
K 
1 28 
3 34 
46 
5 14 
7 48 
11 6 
13 32 
15 12 
16 100 
17 22 
I Group designation for the purposes of this study 
2 Attribute Group from Willby et aL (2000) 
Figure 5.6 is a biplot of group tolerances and the four sediment variables of the MDA. The 
attribute groups show the greatest spread along the first discriminant function which is a 
combination of the sediment variables. The second function is clearly strongly determined 
by the percent SC of the sediment. Similar to the MDA based on species there is 
considerable overlap between the tolerances of the different groups, although some 
patterns may be discerned. 
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Figure 5.6 MDA biplot showing the distribution of macrophytes, classified according to the 
attribute groups of Willby et al. (2000) along the first two discriminant functions. The 
sediment variables which were significant at separating the macrophyte groups are also 
shown. The influence of sediment variables was determined by forward-selection using 
Monte-Carlo tests (999 unrestricted permutations). Attribute groups are displayed by their 
tolerances around the centroid for each group, thus the centroid for a particular ellipse is 
located at its centre point. Refer to Table 5.5 and text for details of the groups. 
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The centroids for groups A and B are very close and there is a large degree of overlap 
between the tolerances of the two groups. This reflects the similarities in the species 
represented by the two groups. Group A contains the smaller Sparganium species and 
includes Sparganium emersum, whilst group B contains Butomus umbellatus, Nuphar 
lutea, Sagiffaria sagiffifolia, and Sparganium erectum. The species of both groups are 
generally associated with the moderately deep, sluggish channels characteristic of clay 
geology (cf. Preston and Croft, 1997). As the clay streams tend to have finer sediments 
and greater sediment accumulation, and therefore, generally exhibit higher sediment 
phosphorus concentrations, these two groups have centroids associated with the TP 
variables. Groups E and K are also very similar in Figure 5.6. Group E comprises all of 
the Callitfiche species sampled across the 17 rivers and Group K includes Potamogeton 
pectinatus and Zannichellia palustris. Earlier analysis (Section 5.2) has shown that both 
Caffitriche species and Potamogeton pectinatus were found on a wide range of sediments 
across the 17 rivers. However, information of the ecology of these species suggests that 
they favour meso-eutrophic systems (Preston and Croft, 1997). 
Group C, comprising a number of Potamogeton species, represents only Potamogeton 
natans in this MDA. Furthermore, it is a group of just 6 sediment samples; this may 
explain the relatively narrow tolerances of this group. Groups D and H both have limited 
overlap with other groups and it would appear that at least some samples in these two 
groups are distinct form other sediments in the dataset. Group D includes Aplum 
nodiflorum and Oenanthe fluviatilis, although the latter species is represented by only two 
samples. Section 5.2 indicates that Apium nodiflorum is associated with a relatively 
limited range of IP, OC, and OM concentrations and therefore, these characteristics may 
distinguish these samples. The species, when growing submerged, is generally 
associated with fine sediments that accumulate upon the sediment surface in calcareous 
streams and is commonly involved in a cyclic relationship with Ranunculus sp. (cf. 
Dawson et aL, 1978). However, it is evident from Figure 5.6 that the group is associated 
with the discriminant function that is largely influenced by the percent SC of the sediment. 
This apparent anomaly can not be further investigated without a greater number of 
sediment samples from beneath this species. Group H has the widest tolerances and 
comprises Potamogeton crispus and Potamogeton perfoliatus species. These wide 
tolerances are in agreement with the British distribution of the two species, which indicate 
that Potamogeton crispus is found over a wide range of substrates from gravel to deep 
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mud, and that Potamogeton perfoliatus is tolerant of a wide range of water chemistry 
(Preston and Croft, 1997). 
The groups not mentioned above (F, G and J) all have wide tolerances and show 
considerable overlap with one another and with the other groups. Group F includes 
Veronica spp. and is represented by just 6 samples and therefore, conclusions must be 
tentative. Group G contains Elodea canadensis and Elodea nuffaffli and, given the 
differences between the two species in the MDA based on species groups (Section 5.3.5), 
the wide tolerances of this group are to be expected. Differences between the two species 
were discussed in Section 5.2, and differential responses to sediment nutrients between 
the two species have been noted by Eugelink (1998). Group J comprises Ranunculus 
penicillatus subsp. pseudofluitans and Myriophyllum spicaturn and also has wide 
tolerances. This reflects the wide tolerances of both species in the species based MDA 
(Section 5.3.5). Additionally, the differences between the tolerance plots for the two 
species in Section 5.3.5, has the result that when combined the two species represent an 
even wider range of sediment types. The growth habit of Ranunculus penicillatus subso. 
pseudofluitans means that large quantities of fine sediment may be retained within stands 
of the species, as the species is able to root in relatively coarse gravels sediments from 
beneath the plants may cover the range from fine silt or clay to gravel, hence the wide 
tolerances. Similarly, Myriophyllum spicaturn is able to grow on a range of substrates 
(Preston and Croft, 1997) with varying levels of fertility and characteristics. 
The use of groups based on plant attributes has indicated that many species are found 
across a range of sediment types and there is no evidence that even species with similar 
attributes form distinct groups which differ in their response to the sediment. However, the 
groups determined by Willby et aL (2000) were based purely on morphological and 
regenerative traits and may, therefore not reflect the ecophysiology of the plants. A 
classification approach which considered these traits specifically, may indicate different 
tolerances to sediment characteristics. 
5.4 Conclusions on Macrophyte-Sediment Relationships 
Analysis of species occurrence related to the sediments on which they grow within the 17 
rivers sampled suggests that most species have reasonably wide tolerances with respect 
to the six parameters studied. There is considerable overlap in the sediments favoured by 
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different species, as evident in the MDA results. Additionally, there does not appear to be 
any significant difference between vegetated and unvegetated sediments. Ordination 
suggested that stream differences were of greatest importance in determining species 
differences in the 17 rivers and that sediment differences were relatively insignificant. 
Possible reasons for these results and implications of the data presented here are 
discussed at length in Chapter Seven. 
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Chapter Six 
UPSTREAM-DOWNSTREAM COMPARISONS 
ITCHEN AND TEST 
6.1 Introduction 
This chapter describes further analysis of data from the River Itchen and River Test where 
two additional sites were visited. The two rivers were sampled upstream and downstream 
of waste water treatment works to investigate the effect of a point source on water, 
sediment and plant tissue concentrations of nutrients. 
6.2 Upstream- Downstream Variability in Macrophyte and Sediment Characteristics 
Chapter Four has demonstrated that both within-reach and between-river sediment 
variability are very high. Samples of sediment and plant tissue were collected from 
Ranunculus penicillatus subsp. pseudofluitans stands within two rivers (Itchen and Test), 
both upstream and downstream of a known nutrient input that is a point source for 
phosphorus and nitrogen compounds. This approach is consistent with the MTR scheme 
in attempting to measure the effect of waste water treatment works on river ecology 
through the comparison of reaches upstream and downstream of outfalls. Any differences 
between upstream and downstream reaches should be attributable to the influence of the 
sewage treatment works assuming no other significant differences between reaches. 
6.2.1 Sampling and Site Details 
The two rivers were sampled both upstream and downstream of a waste water treatment 
plant input. Details of site selection procedures and the comparability of upstream and 
downstream sites on the two rivers are given in Chapter Three (Section 3.3.6). The 
macrophyte community of upstream and downstream sites is also described in Section 
3.3.6. The waste water treatment works have sizes (1997 estimates) of 24500 population 
equivalent (pe) (Itchen, Eastleigh) and 49435 pe (Test, Fullerton at Andover). 
The characteristics of the sediments collected from within Ranunculus penicillatus subsp. 
pseudofluitans stands in the paired sites are discussed below. Environment Agency water 
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chemistry data (pH, orthophosphate, ammonia and TON) were also obtained for the 
paired sites and mean values for the year of sampling were calculated to determine 
whether the waste water treatment outputs resulted in significantly different 
concentrations of nutrients being discharged to the downstream reaches. The statistical 
significance of differences between upstream and downstream sites was determined 
through Mann-Whitney tests. These tests are non-parametric and may be used for small 
sample sizes (Zar, 1996). 
6.3 Water Chemistry at the Paired sites 
Figures 6.1 and 6.2 display mean values for pH, conductivity, orthophosphate, nitrate, 
nitrite and ammonia at upstream and downstream sites on the two rivers. Mann-Whitney 
tests for the water quality parameters were performed on the monthly values for each of 
the paired sites. There was no significant difference (p<0.05) between upstream and 
downstream pH measurements on the two rivers and pH was fairly constant at just over 8 
pH units. Mean conductivity was just over 500 ýOcm and significantly increased in the 
downstream sites on both rivers (p<0.05). Mean orthophosphate concentrations were 
greater overall in the Itchen, but increased significantly downstream by a similar 
magnitude in both rivers. Mean concentrations of the three nitrogen compounds also 
significantly increased at the downstream sites on both rivers (p<0.05). Mean ammonia 
concentrations increased more than five fold on the Itchen and three fold on the Test. 
Mean nitrate concentrations were from between 5 and 7mgl-1 N03-N and nitrite 
concentrations between 0.02 and 0.06 mgl-' N02-N. The increases in the concentrations 
of all of these parameters are likely to be due to the input of waste water treatment plant 
effluent between upstream and downstream sites. However, although every attempt was 
made to ensure that paired sites were comparable in every other respect, other influences 
on water chemistry cannot be completely discounted. 
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Figure 6.1 Mean values and standard error for water chemistry parameters at the Itchen 
upstream and downstream sites. Mean is calculated from monthly and fortnightly values 
for the year of sampling (Jan-Dec). (Source of data: Environment Agency) 
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6.4 Sediment Composition and Nutrient Content 
Table 6.1 and Figures 6.3 and 6.4 give the mean values for each of the six sediment 
parameters for the samples collected in the four reaches. In both rivers TP values are low 
relative to some of the rivers sampled (see Chapter Four), but variability is also low within 
both reaches of each river. This low variability may be a result of collecting sediment 
samples from within the stands of only one species and thus may provide circumstantial 
evidence that Ranunculus penicillatus subsp. pseudofluitans (at least) grows on similar 
types of sediments within a particular river reach. Further comparison samples from 
beneath other macrophytes and from bare sediments would be required to confirm this 
speculation. Assuming a state of equilibrium between water and sediment nutrient 
concentrations, as predicted by studies from lake environments (cf. Hayes and Phillips, 
1958), the significant increase in water column orthophosphate concentrations at the 
downstream sites on both rivers should lead to an associated increase in sediment 
phosphorus concentrations in the downstream reaches. However, mean sediment TP 
increases downstream (65%) in the Itchen but decreases (11%) in the Test. The 
downstream change is statistically significant in the Itchen but not the Test (p<0.05). 
Mean TN increases downstream in the Itchen (41 %) and Test (60%) as does OC (I % and 
22%, respectively). Only the downstream increase in TN in the Itchen is statistically 
significant (p<0.05). The OM content of sediments in the Itchen significantly increase by 
75% but decrease by 18% in the Test though not significantly (p=0.05). Similarly, 
sediment SC content increases downstream in the Itchen (14%) and decreases 
significantly in the Test (41 %). 
Variability of the sediment parameters within the four reaches is fairly low, relative to the 
variability found within some of the other rivers sampled (Chapter Four). High coefficients 
of variation were calculated for TN and OC in the downstream reach of the Test, but these 
were the result of one sample which was particularly high in both of these elements. 
However, the coefficients of variation, which are low considering the high degree of 
heterogeneity of river sediments (Chapter Four), suggest that Ranunculus penicillatus 
subsp. pseudofluitans is associated with similar sediments within a1 00m river reach. 
Higher sediment TP concentrations downstream of waste water treatment works have 
been reported on the Rver Wey (House and Denison, 1998). However, the authors found 
no systematic downstream changes in concentrations along an approximately 10km 
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section where there were no significant point sources. It therefore, seems likely that 
significant changes in sediment TP concentrations, such as that observed on the Itchen, 
are the result of the waste water effluent input. The absence of a significant increase in 
sediment TIP and TN concentrations on the Test may have a number of explanations. 
First, Figure 6.4 shows that the Test has significantly coarser sediments downstream, 
suggesting a reduced potential for the binding of phosphorus in the sediments of this site, 
and less capacity for the retention of fine material which would result in high TN and OC 
contents. In contrast, there is no significant difference between the physical structure of 
sediments in the paired Itchen sites and, coupled with lower overall TP concentrations this 
may indicate that the sediments at the downstream Itchen site have greater potential to 
retain phosphorus that is derived from the waste water treatment plant. 
Secondly, Figures 6.1 and 6.2 indicate that the increases in water concentrations of 
elements in the downstream sections are more pronounced in the Itchen than the Test. 
Thus, the effect of the waste water treatment plant discharge appears to be greater on the 
Itchen, despite the waste water treatment works on the Test being considerably larger. 
Finally, as indicated in Chapter Three, Section 3.3.6 the downstream site on the Test is 
further downstream from the waste water treatment plant input than the equivalent site on 
the Itchen. It is possible, that on the Test, excess nutrients from the point source are 
assimilated into biomass or retained within the sediments in the reach immediately below 
the input, and that the downstream site is beyond the main effect of the increase in 
nutrients. Alternatively, there may be characteristics of the Test sediments or hydrology 
that prevent a state of equilibrium between water column and sediment element 
concentrations being attained. Small-scale differences in flow and associated retention of 
fine particles within macrophyte beds may also have led to different sediments in 
upstream and downstream reaches and require further investigation. 
Attempts to separate the different inorganic phosphorus fractions present in the 
sediments at the paired sites were unsuccessful (see Chapter Three). However, data of 
this kind may improve understanding of the impact of increased water column 
concentrations upon sediment chemistry. Although TP concentrations may appear similar 
upstream and downstream of the discharges, it is possible that the distribution of the 
different phosphorus fractions may be altered with implications for the bioavailability of 
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phosphorus, particularly given the importance of other elements (iron, aluminium and 
calcium) upon the chemistry and release of sediment phosphorus (Ostrovsky, 1987). 
Table 6.1 Mean values for sediment variables at upstream and downstream sites 
Site TP (gg/g) TN (%) oc (%) om (%) sc (%) 
Itchen U/S 431(24) 0.17(45) 2.38(35) 3.39(32) 21(35) 
Itchen d/s 709(20) 0.25(25) 2.41 (27) 5.94(46) 24(37) 
Test uls 777(27) 0.35(13) 3.49(16) 4.22(36) 38(25) 
Test d/s 693(14) 0.57(186) 4.26(255) 3.45(27) 22(40) 
Coefficient of variation (%) in brackets 
Table 6.2 Mean plant tissue concentrations at upstream and downstream sites 
Site TP (ýtglg) TN (%) oc 
Itchen uls 3111(15) 3.39(7) 38.43(4) 
Itchen dls 7129(7) 3.53(36) 33.86(36) 
Test U/S 7646(24) 3.16(27) 38.15(5) 
Test d/s 3916(14) 2.40(22) 32.48(20) 
Coefficient of variation (%) in brackets 
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Figure 6.3 Mean values and standard error for sediment characteristics of samples from 
within Ranunculus penicillatus subsp. pseudofluitans stands in the Itchen upstream and 
downstream sites (n=10). 
a) Total phosphorus pg/g b) Total nitrogen (%) c) Organic carbon 
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6.5 Plant Tissue Concentrations of Nutrients 
Table 6.2 and Figures 6.5 and 6.6 display the tissue concentrations of nitrogen, 
phosphorus and organic carbon in Ranunculus penicillatus subsp. pseudofluitans plants 
of the upstream and downstream reaches. 
Tissue concentrations of TP are clearly much higher than concentrations within the 
sediments, a result of uptake and concentration by the plants. Expressed as percentages 
of dry weight plant tissue, the TP contents range from 0.31% to 0.76%. These are much 
higher than the critical concentrations of 0.13% P quoted by Gerloff and Krombholz 
(1966). This indicates that the plants are exhibiting "luxury consumption" that is, the 
accumulation of nutrients within tissue beyond the amounts required for growth. At levels 
above 0.13% P, plant yield and tissue concentrations are no longer closely related 
(Gerloff and Krombholz, 1966). This luxury consumption may reflect high nutrient status. 
For example, in laboratory experiments, Potamogeton pectinatus plants have been 
observed to exhibit luxury consumption of phosphorus when grown at high external 
phosphorus concentrations (Van Wijk, 1989b). 
The plant tissue phosphorus concentrations of Ranunculus sp. plants growing in the 
Itchen and Test are similar to those measured in a number of macrophyte species from 
lowland streams in Denmark (0.19-0.77%, whole plants) (Kern-Hansen and Dawson, 
1978); Callitriche obtusangula (0.15-0.9%) and Elodea nuffaild and Elodea canadensis 
(0.2-1.2%) in running waters (Robach et aL, 1995); and in Zostera plants (0.229%) from a 
marine lagoon (Sfriso and Marcomini, 1999). Additionally, the high TIP concentrations are 
in agreement with findings that macrophytes may contain large proportions of the total 
nutrients within a system (cf. Canfield et aL, 1983). The plant concentrations of TIP 
significantly increased by 129% in the downstream site on the Itchen (p<0.05), but 
significantly decreased by 49% in the downstream site on the Test (p<0.05). This 
decrease in tissue concentrations in plants from the downstream site on the Test is 
consistent with the slight decrease in sediment TP concentrations at this site. This pattern 
may reflect a link between sediment and plant tissue concentrations, although further 
experimental work would be required to verify this. 
The TN concentrations within the plants also suggest luxury consumption as the contents 
are all higher than the 1.3% N critical level of Gerloff and Krombholz (1966). The TN 
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concentrations are very similar to the concentrations in the tissue of macrophytes from 
lowland streams in Denmark (1.58-4.04%) (Kern-Hansen and Dawson, 1978) and the TN 
contents of Rorippa nastuttium-aquaticum agg. leaves (4.461-0.2%) and stems (2.67+/- 
0.1%) from a New Zealand stream (Howard-Williams et aL, 1982). In a similar way to 
tissue phosphorus concentrations, the tissue nitrogen concentrations significantly 
increase in the Itchen (4%) but decreased in the Test (24%) at the downstream sites 
(p<0.05). Concentrations of OC within Ranunculus sp. plants at the paired sites were 
similar, falling between 20% and just over 40%. OC concentrations decreased in the 
downstream plants on both rivers, by 12% (Itchen) and 15% (Test), though this decrease 
was significant only in the Test (p=0.05). 
Variability in tissue concentrations was low, with coefficients of variation below 30% for all 
but TN and OC in the Itchen downstream reach. These TN and OC coefficients of 
variation were influenced by one sample with very low contents of these two elements. In 
contrast, a study of carbon, nitrogen and phosphorus concentrations of a range of aquatic 
plants found variability to be high with coefficients of variation of 30%, 69% and 194%, 
respectively (Duarte, 1992). However, many of the species Duarte (1992) studied were 
phytoplankton and algae and in this present study only one species was investigated, 
increasing the likelihood of samples having similar nutrient contents. 
There is evidence to suggest that tissue concentrations of nitrogen and phosphorus in 
macrophytes are influenced by growth patterns and physical factors such as flow velocity. 
Tissue concentrations of the two elements in Zostera beds in a coastal lagoon were 
observed to decrease by a factor of 2 to 3 during the growing season, although there was 
no significant variation in the tissue concentration of carbon (Sfriso and Marcomini, 1999). 
Evidence of the effect of flow on tissue concentrations is provided by observations of 
Potamogeton pectinatus tissue concentrations in specimens from the Pembina River, 
Canada; tissue nitrogen and phosphorus concentrations were generally higher in plants 
grown in lower current speeds, which the authors attributed to flow velocity affecting 
metabolic rates (Chambers et aL, 1990). 
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Figure 6.5 Mean values and standard error for Ranunculus penicillatus subsp. 
pseudofluitans tissue concentrations of total phosphorus, total nitrogen and organic 
carbon in samples from the upstream and downstream sites on the Itchen (n=10). 
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Figure 6.6 Mean values and standard error for Ranunculus penicillatus subsp. 
pseudofluitans tissue concentrations of total phosphorus, total nitrogen and organic 
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6.5.1 Evidence of Nutrient Limitation in the Paired Sites 
There are numerous suggestions in the literature that the elemental composition of plant 
tissue may indicate whether a plant is limited by a particular element (cf. Redfield et a/., 
1963; Duarte, 1992; Koerselman and Meuleman, 1996). The ratio of nitrogen to 
phosphorus (carbon is also included in marine environments) within plant tissue should 
indicate whether either of the nutrients is limiting to plant growth. Redfield et al (1963) 
suggested that an N: P ratio of 16 was the threshold for limitation, whilst Best et at. (1996), 
dealing specifically with freshwater macrophytes, suggested a ratio less than 7.8 indicated 
nitrogen limitation, and a ratio greater than 8.4 indicated phosphorus limitation. And 
Koerselman and Meuleman (1996) suggested nitrogen and phosphorus limitation 
occurred at N: P ratios of 14 and 16, respectively, on the basis of 40 wetland fertilisation 
experiments documented in the literature. Mean N: P ratios for Ranunculus sp. tissue in 
the Itchen were 10.90 and 4.95 for upstream and downstream sites, respectively, whilst 
ratios in the Test were 4.14 and 6.13 for upstream and downstream sites, respectively. 
Taking the critical ratios of Koerselman and Meuleman (1996) this suggests that 
Ranunculus sp. plants in the two rivers were nitrogen-limited whilst the lower values 
adopted by Best et. al. (1996) suggest nitrogen limitation in all but the Itchen upstream 
site. The ratios for the Ranunculus sp. plants from the Itchen and Test were considerably 
lower than the mean N: P ratio of 24 calculated for a range of freshwater angiosperms by 
Duarte (1992). 
It is generally suggested that freshwater systems are phosphorus- rather than nitrogen- 
limited (cf. Mainstone et aL, 1993), although there are situations where the opposite may 
be observed. Nitrogen limitation of freshwater macrophytes may occur in shallow 
eutrophic lakes as excess nitrogen may be lost through denitrification, whereas excess 
phosphorus will be adsorbed to sediments and released when phosphorus supply is 
limited (Golterman, 1976). A possible explanation for nitrogen limitation of macrophytes is 
that the major reservoir of nitrogen is gaseous and this is not directly available to plants 
(Harper, 1992). However, despite the low N: P ratios for plants from the Itchen and Test, it 
is unlikely that nitrogen is limiting at these sites due to the high levels of nitrogen within 
the tissues which indicate luxury consumption. Furthermore, the use of elemental ratios to 
indicate limitation may be misleading. For example, nutrient limitation indicated by 
elemental ratios did not always coincide with nutrient limitation as indicated by direct 
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measurement of nutrient supply when Eiddea nuffaild was grown in laboratory 
experiments (Best et aL, 1996). 
6.5.2 Correlations between plant tissue concentrations and' sediment 
characteristics 
Relationships between plant tissue concentrations of nutrients and the various sediment 
characteristics may give some indication of the importance of the sediments to 
macrophyte growth. These relationships could not be investigated with the survey data for 
all 17 rivers as plant tissue concentrations were not determined. Pearson's product- 
moment correlation coefficients were calculated for plant tissue (P, N and C) and 
sediment variables (TP, TN, OC, SC, OM) at each of the four sites, two-tailed 
significance of the correlations was determined at the 0.01 level due to the limited number 
of samples (n=10). Tables 6.3 to 6.6 display the coefficients. 
Plant tissue concentrations of nitrogen and carbon were significantly correlated in all four 
sites with coefficients of r--0.776, r=0.997, r--0.857and r=0.877 in the Itchen upstream, 
Itchen downstream, Test upstream and Test downstream sites, respectively. These 
correlations reflect the composition of plant material and the fairly constant ratios of these 
elements in plant tissue. At the Itchen upstream site, plant tissue phosphorus and carbon 
were negatively correlated (r--- 0.781, p<0.01). This may reflect a relationship between 
biomass (for which carbon content could be a surrogate) and phosphorus content. During 
growth, biomass gain could outpace phosphorus uptake leading to depletion of tissue 
phosphorus concentrations. These correlations are in agreement with other studies of 
plant tissue composition. For example, in a study of freshwater phytoplankton, 
angiosperms and macroalgae relationships were found between tissue concentrations of 
all three elements (Duarte, 1992) as predicted by the critical ratios concept (cf. Redfield et 
aL, 1963). 
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Table 6.3 Pearson's product moment correlation coefficients for sediment and plant 
tissue characteristics in the Itchen upstream site (n=10) 
Plant Sediment 
TP TN oc TP TN oc om Sc 
M] 
cu 
U) 
TP 1.000 
TN -0.292 1.000 
oc -0.781 0.776 1.000 
TP 0.167 -0.725 -0.493 1.000 
TN 0.049 -0.641 -0.344 0.971 1.000 
oc 0.053 -0.677 -0.370 0.974 0.994 1.000 
om 0.229 0.349 0.225 -0.223 -0.126 -0.159 1.000 
sc 0.174 -0.323 -0.235 0.681 0.783 0.752 0.163 1.000 
Significant correlations (p<0.001, two-tailed) in bold 
Table 6.4 Pearson's product moment correlation coefficients for sediment and plant 
tissue characteristics in the Itchen downstream site (n=10) 
Plant Sediment 
TP TN oc TP TN oc om sc 
0 
E 
w U) 
TP 1.000 
TN 0.000 1.000 
oc 0.012 0.997 1.000 
TP -0.268 0.204 0.224 1.000 
TN -0.192 0.653 0,657 0.564 1.000 
oc -0.202 0.672 0.671 0.650 0.970 1.000 
om -0.143 0.656 0.637 0.366 0.851 0.824 1.000 
sc -0.173 0.520 0.538 0.896 0.660 0.704 0.547 1.000 
Significant correlations (p<0.001, two-tailed) in bold 
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Table 6.5 Pearson's product moment correlation coefficients for sediment and plant 
tissue characteristics in the Test upstream site (n=10) 
Plant Sediment 
TP TN oc TP TN oc om Sc 
C 
0 
"a 
41) 
co 
TP 1.000 
TN 0.612 1.000 
oc 0.494 0.857 1.000 
TP -0.219 -0.787 -0.660 1.000 
TN -0.123 -0.556 -0.278 0.634 1.000 
oc -0.029 -0.277 0.062 0.379 0.921 1.000 
om 0.039 0.247 0.598 -0.169 0.464 0.704 1.000 
sc -0.182 -0.295 0.127 0.266 0.747 0.807 0.828 1.000 
Significant correlations (p<0.001, two-tailed) in bold 
Table 6.6 Pearson's product moment correlation coefficients for sediment and plant 
tissue characteristics in the Test downstream site (n=10) 
Plant Sediment 
TP TN oc TP TN oc om Sc 
0 
0 
0 
Cl) 
TP 1.000 
TN 0.002 1.000 
oc -0.343 0.877 1.000 
TP -0.464 0.257 0.386 1.000 
TN -0.362 0.041 0.240 0.386 1.000 
oc -0.355 0.050 0.243 0.375 1.000 1.000 
om -0.113 -0.673 -0.522 0.002 0.006 -0.002 1.000 
sc -0.132 -0.280 -0.142 0.175 -0.037 -0.051 0.802 1.000 
Significant correlations (p<0.001, two-tailed) in bold 
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In this study, only one correlation between plant tissue and sediment characteristics was 
significant (p=0.01), this was the negative correlation between plant tissue nitrogen and 
sediment TP (r--- 0.787) in the Test upstream site. This relationship may be the result of a 
plentiful phosphorus supply, leading to enhanced growth and depletion of nitrogen within 
the plant tissue. Similarly, Kern-Hansen and Dawson (1978) found no significant 
correlations between sediment and plant tissue concentrations of nitrogen, phosphorus 
and potassium in Danish streams. It is possible that significant correlations would be 
observed between tissue concentrations of nutrients and specific fractions of sediment 
nutrients as positive correlations have been found between macrophyte tissue 
concentrations of nitrogen and phosphorus and available nutrients in the sediment (Agami 
et aL, 1990). Additionally, strong relationships between the metal concentration of 
sediments and plant tissue has been observed (Jackson et al, 1991). Thus, the 
relationship between plant tissue and sediment concentrations of nutrients may be more 
obvious if only bioavailable sediment fractions are considered. Furthermore data collected 
over a longer period may highlight the direct relationship between plants and sediments 
more thoroughly, for example, tissue concentrations of phosphorus in macrophytes 
growing in undisturbed Alsace streams were highest in August, coinciding with the highest 
values of extractable sediment-phosphorus (Robach et al., 1995) . 
6.6 Conclusions on Upstream-Downstream Comparisions 
An investigation into water, sediment and plant tissue nutrient concentrations upstream 
and downstream of waste water treatment works on the two rivers has indicated that the 
effluents from the works have a clear effect. Nutrients and other solutes increased in the 
downstream sites on both rivers and sediment and plant tissue concentrations both 
increased in the downstream site on the River Itchen. These increases in sediment and 
plant concentrations of nutrients in the Itchen suggest that it is likely that there is an 
equilibrium between water column and sediment nutrient concentrations, and that plants 
respond to these changes in water and/or sediment. The absence of a similar pattern in 
sediment and plant tissue concentrations in the downstream site on the Test emphasises 
the importance of other factors in macrophyte-sediment-nutrient relationships. A similar 
study investigating phosphorus concentrations in plants, sediment and the water column 
upstream and downstream of a waste water point source in an Alsace-Rhine floodplain 
stream found that phosphorus in plant tissue, sediment and the water column increased 
downstream (Robach et aL, 1995). These results are in agreement with the data from the 
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Itchen and indicate that it may be worth applying the upstream-downstream comparison 
method in other catchments. This could aid in identifying the apparent differences 
between the effects of waste water discharges observed in the Itchen and Test. 
There were poor relationships, in this study, between tissue and sediment nutrient 
concentrations, although these relationships require further investigation over a longer 
period and with a focus upon specific sediment fractions of nutrients. Concentrations of 
nitrogen and phosphorus in the Ranunculus penicillatus subsp. pseudofluitans plants 
were high, suggesting that there was no nutrient limitation at the four sites. This is in 
accordance with the view that all of the systems studied during this research are of 
moderate to high trophic status. Finally, it is recommended that the upstream-downstream 
comparison approach should be extended to other species that may be more dependent 
upon sediment conditions as there is evidence that the growth of Ranunculus sp. is 
greatly influenced by flow velocity and discharge (Ham et aL, 1981) and that the species 
has a greater propensity to modify and influence the sediment than other species due to 
the dense stands it forms in lowland chalk streams (cf. Dawson, 1978). 
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Chapter Seven 
FURTHER DISCUSSION 
7.0 Introduction 
This chapter deals with the findings of the research as outlined in the previous three chapters. 
The emphasis of this chapter is upon the preferences of macrophytes for particular sediment 
types, as considered in Chapter Five. This reflects the main focus of the thesis; however, the 
problems of determining sediment requirements for particular species are discussed with 
reference to all findings. The chapter concludes with a summary of the major findings of the 
research. 
7.1 Relationships Between Macrophytes and Sediment 
The role of sediment has frequently been a confounding factor in studies of macrophyte 
ecology. The close relationships between the various components of the stream ecosystem 
mean that any study of the role of sediment is likely to suffer from the external influences of 
other factors important in the distribution and survival of macrophyte species. These influences 
can be minimised through the use of controlled experiments. However, each reduction in 
complexity is a step further from the functioning of the natural system. The application of 
controlled experiments, either in laboratory or field situations, is therefore only appropriate 
when interpreted with respect to data collected from natural field situations. This data collection 
from observational field studies is thus an important first step in exploring ecological 
phenomena such that potentially confounding factors can be identified and considered in the 
design of further research. The results presented in the preceding chapters have clearly 
indicated that factors other than sediment nutrient concentrations or sediment physical 
structure have a role in determining species distribution. Clear relationships between particular 
sediment conditions and the distribution of individual species may not be apparent for a number 
of reasons. These reasons are considered further below but may be summarised as follows: 
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" sediment nutrient concentrations have no influence over macrophyte species distribution 
and/or survival; 
" relationships are evident only at particular spatial or temporal scales; 
" macrophytes respond to sediments in a general way and there are no clear differences 
between species; 
" macrophytes are able to modify the sediment habitat to provide more favourable 
conditions; 
" the influence of sediment may be secondary to other factors or mediated through the 
influence of other factors. 
7.2 Spatial and Temporal Variability 
Many of the species for which data have been collected are associated with a range of 
sediment nutrient concentrations (Chapter Five). The absence of clear relationships between 
particular species and the phosphorus and nitrogen concentrations of sediments may be a 
result of the spatial or temporal scales considered in this study. Alternatively, many macrophyte 
species may be constrained to particular sediments irrespective of the level of nutrients, For 
example, many species are restricted by water depth or flow velocity. 
It is possible that the 17 rivers studied represent a range of environments too limited to show 
species turnover, and that species preferences are therefore not clear. The rivers included in 
the sampling programme are from a limited geographical region and, as most are chalk or have 
a large chalk component to their geology, the rivers are likely to have similar catchments, 
channel geomorphology and macrophyte communities. Analysis of water chemistry data 
(Chapter Three, Section 3.10) demonstrated that the rivers studied may be considered 
mesotrophic to eutrophic and thus phosphorus and nitrogen are likely to be available in 
concentrations high enough to prevent nutrient limitation as evidenced by the upstream- 
downstream study (Chapter Six). However, during certain periods of the year, macrophytes 
may experience limitation of one or both of these nutrients due to localised resource depletion 
or the growth of other primary producers. Equally, there is no evidence that phosphorus and 
nitrogen are present in quantities that would be toxic to any macrophyte species, Thus, the 
exclusion of any species due to the trophic status of the rivers would have to be the result of 
competitive exclusion. There is limited evidence of competitive interactions between 
macrophytes (cf. McCreary, 1991; Wilson and Keddy, 1991) although Potamogeton pectinatus 
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and Ranunculus penicillatus subsp. pseudofluitans were judged to exhibit a competitive 
interaction in recirculating stream experiments (Spink et aL, 1993). it is well established that 
increased nutrient concentrations may lead to excessive algal growth and the subsequent 
exclusion of macrophytes through shading (Harper, 1992). However, algae generally obtain 
nutrients from the water (although sediment nutrients may be important indirectly) and thus 
there is limited scope for competition for sediment resources in macrophyte communities. 
The water chemistry data obtained from the Environment Agency indicate that the 17 rivers are 
reasonably similar in terms of trophic status. This is supported by the MTR values recorded for 
the sites at time of sampling, with all sites falling within the range 27 (Tove) to 42 (Allen and 
Whitewater). The trophic ranks of many of the species recorded were also broadly similar, with 
most species encountered having ranks of less than 5. Without a large dataset covering a 
range of conditions from oligotrophic through to hypertrophic, a turnover of species along a 
gradient of trophy may not be apparent. However, oligotrophic: reaches in British rivers are 
most frequently in upstream mountainous sections where submerged rooted macrophytes are 
sparse due to the effects of flow and spates. Equally, hypertrophic conditions are frequently 
accompanied by serious organic pollution, and it is difficult to attribute cause to macrophyte 
absence or low abundance. The role of sediments may also be most significant in the middle 
reaches of rivers or in medium-sized streams, as in spatey, upstream-reaches, sediments are 
coarse and bryophytes dominate the macrophyte community whereas in deep, sluggish, 
downstream-reaches macrophytes are limited to the margins and shallows. Thus, there are 
good reasons for concentrating efforts in the medium-sized lowland chalk and clay streams 
which support relatively diverse macrophyte communities. 
Within the range of streams sampled, there are a range of sediment total phosphorus 
concentrations, from less than 100 pg/g to over 2500 pg/g P (Chapter Four). However, little is 
known of the range of phosphorus concentrations in river sediments and the 100 ýtg/g P may 
be perfectly adequate to support macrophyte growth. It is particularly difficult to assess whether 
this range of sediment phosphorus concentrations is sufficient to highlight a species turnover 
and differential preferences, as little is known of the relative contributions of water and 
sediment-derived nutrients and the fractions of sediment nutrients that are important to 
macrophytes. Furthermore, it seems likely that, given the high degree of sediment 
heterogeneity at many sites (Chapter Four), macrophyte-sediment relationships will be very 
274 
localised with macrophyte survival or biomass being related to sediment patches. Data have 
been collected and analysed over a 100m reach where it is likely that other factors such as 
land-use, disturbance and shading are more important than trophic status (cf. Demars and 
Harper, 1998). The results of the RDA of macrophyte communities indicate that this may be the 
case, with BFI and shade emerging as variables which significantly explain the variation in 
species distributions. The role of small scale sediment microsites and patchiness in stream 
ecosystems is considered further in Section 7.4. 
Alternatively, investigations of sediment-macrophyte relationships may need to consider a 
range of temporal scales. The survey approach has resulted in a time-integrated dataset on 
the response of macrophytes to sediment conditions as sites were only visited once. However, 
it is possible that clearer relationships between sediments and macrophytes might be evident 
with measurements over a longer period. For example, macrophyte biomass may be related to 
sediment nutrient availability over the growing season, or high sediment phosphorus 
concentrations may cause a shift in community composition over several years. The nature of 
phosphorus in sediments suggests that longer-term responses are more likely as phosphorus 
is sequestered in the sediment and released gradually to the water column (Agami and Waisel, 
1986). Therefore, the sediments might buffer the effect of short-term fluctuations in water- 
column nutrients on macrophytes. The long term response of macrophytes to nutrient status 
has been noted elsewhere. Robach et aL (1995) found that the macrophyte vegetation of the 
Rhine floodplain was better related to three year mean values of water nutrient concentrations 
than monthly values, suggesting that the vegetation was integrating annual variation in water 
quality. 
Current understanding of macrophyte response to nutrient loading is limited and thus the 
response of a particular species to particular sediment conditions is difficult to predict. 
Experiments in enclosures have shown that, where they remain in eutrophic lakes, submerged 
macrophytes are able to strongly buffer the effects of increased nutrient loading possibly 
through functioning as a sink for phosphorus and nitrogen (Balls et at, 1989). The response of 
macrophytes to elevated sediment concentrations of nutrients might not therefore be evident. 
Furthermore, species with different morphological structures and life history strategies may 
respond differently, especially as there is evidence that emergents and submerged species will 
act differently as sources and sinks (Gran6li and Solander, 1988). Equally, the role of 
sediments themselves as a potential sink and source of phosphorus (cf. Stephen et aL, 1997) 
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may moderate the effect of nutrients on macrophytes. There is also the possibility that 
macrophyte species are chiefly controlled by other factors (see Section 7.5) and that many 
species are cosmopolitan in their tolerances to sediment nutrients. 
It is possible that the influence of sediment upon macrophytes may be due to a sediment 
component or characteristic that was not measured in this study. Macrophytes may be 
restricted to sediments of a particular physical structure, for example, species with a particular 
root character can only anchor in particular sediments (Haslam, 1978). There is likely to be an 
interdependent effect between sediment particle size and sediment nutrient concentration as 
fine sediments are more likely to be more fertile due to greater porewater retention and binding 
capacity (Golterman, 1995). Therefore, species associated with fine sediments will tend to be 
associated with nutrient-rich sediments. It is difficult to isolate the influence of sediment particle 
size and the ability of species to anchor within sediments from sediment fertility, and any 
attempt to do so would result in the modelling of situations rarely encountered in natural 
systems. 
There is considerable circumstantial evidence to suggest that potassium within the sediment 
may have a direct or indirect effect on plant growth. For example, a study of macrophyte 
biomass in ten temperate lakes in Canada indicated that exchangeable potassium in the 
sediment was the only sediment variable significantly related to total macrophyte biomass, from 
a number of variables which comprised exchangeable sediment nitrogen, phosphorus and 
potassium; sediment organic matter content; sediment water content; and sediment type, 
including, organic, gravel, sand and silt (Anderson and Kalff, 1988). However, the link did not 
appear to be direct, as fertilisation experiments indicated that the macrophytes were limited by 
nitrogen rather than potassium. In laboratory experiments, in which four macrophyte species 
were grown in chambers with water and sediment separated, Barko and Smart (1981) also 
found that whilst plant tissue concentrations of nitrogen and phosphorus either increased or 
stayed the same during the study period, potassium concentrations decreased significantly 
suggesting potassium limitation. 
It is postulated that, as both ammonium ions and potassium ions have a similar charge and 
nearly identical atomic radii, there may be competition between the ions for exchange sites on 
macrophyte root surfaces (Barko and Smart, 1981). As potassium ions are generally derived 
from the weathering of rocks and ammonium ions from the breakdown of organic matter, the 
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supply of the former will vary little throughout the year but ammonium will be limited during the 
growing season (Anderson and Kalff, 1988). In experiments with Hydrifia verticillata, Barko et 
at (1988) have also shown that when nitrogen is limiting, potassium may be obtained from the 
water column and translocated to the roots to be exchanged at the root surfaces for ammonium 
ions. It is possible that sediment potassium concentrations could be moderating and obscuring 
the influence of other sediment parameters on the macrophytes of the 17 rivers. 
7.3 Relationships at the Species Level 
The results from the 17 rivers suggest that few species are restricted to a particular range of 
sediment phosphorus or nitrogen concentrations, and most species seem to be able to grow 
throughout the range of concentrations encountered (Chapter Five). It is possible that many 
species are cosmopolitan and show no preference for sediments of a particular fertility. For 
example, Potamogeton pectinatus is known to be tolerant of a wide range of ion concentrations 
(Van Wijk, 1989a), and although it is generally associated with enriched waters the species has 
been demonstrated to grow in low nutrient situations. In laboratory experiments, Potamogeton 
pectinatus plants were able to grow for five weeks in the absence of a phosphorus source as 
tubers were able to supply the nutrient, however, depletion of dissolved inorganic carbon or 
nitrate resulted in rapid death of the plants (Van Wijk, 1989b). Similarly, the growth of 
Ranunculus spp. has been shown to be unaffected by sediment particle size (Spink, 1992). The 
evaluation of the MTR undertaken by Dawson et aL (1 999b) also found that many species were 
cosmopolitan with respect to water column concentrations of phosphate and nitrate. As many 
macrophytes are ubiquitous, for example, Sparganium emersum (GrasmOck et aL, 1995), it 
seems that many species have a wide ecological amplitude (Carbiener et aL, 1990; 
Papastergiadou and Babalonas, 1993). Furthermore, it has been suggested that the 
biochemical and morphological similarities between aquatic anglosperms will result in similar 
nutrient optima between species (Gerloff and Krombholz, 1966; Duarte, 1992). 
It is possible that relationships between macrophytes and sediments are not evident if plants 
are grouped taxonomically, as different species may have similar morphologies and nutrient 
requirements. It is equally possible that preferences to nutrient status are general and 
expressed at the community rather than individual species level (cf. Carbiener et at, 1990) 
which may explain the relative success of the MTR scheme, which relies on community level 
comparisons, and why, within the scheme no one species was related to phosphate or nitrate 
concentrations strongly enough to merit its use as a key species (Dawson et at, 1999b). 
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Individual species tolerances in aquatic macrophytes are further distorted by the high degree of 
plasticity exhibited by many species (cf. Idestam-Almquist and Kautsky, 1995). For example, 
many species show increased root: shoot biomass ratios in nutrient poor sediments (cf. Best 
and Mantai, 1978; Idestam-Almquist and Kautsky, 1995, see also Chapter Two, Section 2.7.5) 
and Myriophyllum spicatum plants have been observed to undergo phenotypical changes to 
give a more competitive ruderal strategy (Kautsky, 1988). Therefore, there is the possibility that 
particular phenotypes and genotypes will display clear sediment preferences but species will 
not. 
In recognition of the role of a plastic response in macrophyte communities, it may be instructive 
to look at the traits and attributes of macrophytes growing on particular sediments. Grouping of 
macrophytes into morphologically similar classes was used in Chapter Six to investigate this. 
Measurement of traits such as leaf size and the plant attributes (for example, whether the leaf 
size is small or large) may be used to group species into functional or attribute groups. The 
possession of particular attributes gives a plant a particular strategy according to the R-Cý-S 
model (ruderal, competitor and stress tolerator) developed for terrestrial vegetation analysis (cf. 
Grime, 1979). Strategy analysis of Baltic Sea macrophyte communities suggested a four 
strategy model, R-C-B-S (ruderal, competitor, biomass storer and stunted), was appropriate to 
the aquatic environment (Kautsky, 1988). Information on attributes and life history strategies of 
species may indicate how plants are able to respond to particular sediments and capitalise on 
favourable sediment microsites. Species with similar root and canopy structure may be 
expected to interact with the sediment in similar ways. Additionally, these attributes will have a 
similar function across a wide geographical range (cf. Hills and Murphy, 1996) whereas, 
species may be found in differing habitats throughout their range. 
Functional or attribute groups have been derived for a number of macrophyte communities, 
(Hills et aL, 1994; Hills and Murphy, 1996; Willby et aL, 2000; Ali et aL, in press). It should be 
noted that Willby et aL (2000) caution against the term functional group preferring to use 
'attribute groups' as the relationship between traits and function is still not fully understood for 
many macrophytes. These groups may be used as a basis for bloindication methods or 
investigating macrophyte-environment relations instead of conventional taxonomic groups. 
Plant morphology, architecture and life history may also be important factors in determining 
macrophyte community structure in freshwater systems (Duarte and Roff, 1991). The 
application of traditional R-C-S strategies to riverine macrophyte populations is not necessarily 
278 
appropriate and it is important that approaches specific to macrophytes (cf. Willby et at, 2000) 
are further investigated. 
7.4 The Reciprocal Relationship between Macrophytes and Sediment 
Using morphology and attribute groups as a basis for investigating macrophyte and sediment 
interactions recognises that one of the major functions of macrophytes in flowing waters is to 
modify sediment and flow. Flow velocity is reduced within plant patches (Sand-Jensen and 
Mebus, 1996; Sand-Jensen and Pedersen, 1999) and therefore, macrophytes influence the 
sedimentation and erosion of inorganic and organic particles in and around patches (Sand- 
Jensen, 1997). The effect of plant stands on flow velocity has been demonstrated to be 
dependent on plant morphology (Sand-Jensen and Mebus, 1996). Attribute groups may 
therefore, also be a good way to study the effect of macrophytes on sediments. 
The enrichment of sediments by macrophytes through the trapping of nutrient-rich particles has 
the potential to alleviate nutrient limitation of plant growth (Sand-Jensen, 1997) and may 
explain why many of the species studied are found across such a wide range of sediment 
types. Macrophytes have also been shown to have an effect on the chemistry of sediments 
through oxidation of the root zone (Moore et aL, 1994; Steinberg and Coonrod, 1994; Wigand 
et aL, 1997). This has been shown to lead to a mosaic of aerobic areas and anaerobic areas 
within macrophyte beds (Howard-Williams et aL, 1982). The reciprocal relationship between 
macrophytes and sediments has led Barko et aL (1991) to suggest that the physical and 
chemical properties of sediment are as much a product of macrophyte growth as they are 
controls of growth. Thus, plants have the ability to modify the immediate sediment environment 
to improve the conditions for growth. This is a form of positive-feedback switch and these 
switches have been shown to be reasonably widespread in terrestrial plant communities 
(Wilson and Agnew, 1992). According to the definitions of Wilson and Agnew (1992), 
macrophytes in streams would be involved in a reaction switch where the community modifies 
the environment of patches it occupies and also modifies patches it is not in but in the opposite 
direction. For example, the influence of macrophytes on flow has the effect that sediments 
accumulate within the patches but, are scoured from around them as flows are diverted around 
the plant stand. This is only likely to be effective to a certain degree as there is evidence that 
macrophyte growth could become self-limiting through these mechanisms (Barko et aL, 1988), 
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Given the influence of macrophytes on sediment structure and chemistry, it is possible that 
sediment nutrient status does not exert a direct control on macrophyte presence-absence or 
biomass. The sediment conditions encountered in the 17 rivers possibly reflect a range of 
sediments from those that are uninfluenced by plant growth through to those which are entirely 
the product of plant growth; such as the thick deposits of fine organic material that may 
accumulate within dense plant stands, even in fairly fast-flowing streams where the 
unvegetated sediments are coarse and eroded. 
Sediment-plant relationships may operate at the patch scale sensu Sand-Jensen and Madsen 
(1992) and only be apparent at the reach scale in a very general manner. Patches have been 
shown to be of great importance to the survival of some macrophyte species, for example, 
Callitriche cophocarpa (Sand-Jensen and Madsen, 1992), (see also Chapter Two, Section 
2.9.3 and French and Chambers, 1996). Patches are able to reduce physical stress and 
increase nutrient supply through the mechanisms described above (Sand-Jensen and Madsen, 
1992) and may be considered as evidence of interspecific mutual protection (French and 
Chambers, 1996). Within patches, ramet extension ( the growth of individual plants) allows 
plants to capitalise on nearby microsite nutrient pools (McCreary, 1991) and so vegetative 
spread is very common in submerged macrophyte populations. There is evidence that 
temporary unstable silt may be a very important nutrient source where the stable substrate is 
poor in nutrients. This temporary nutrient source may be in the form of firm hummocks or as 
silty water trapped between plant shoots, and may allow intermittent good uptake (Haslam, 
1978). The presence or absence of a plant will therefore be determined by whether or not a 
vegetative propugale reaches a suitable site and whether or not the plant is able to persist long 
enough to establish a patch. Once a patch is established, the plant is able to modify the 
environment to such an extent that sediment nutrient concentrations have only limited control 
over plant growth. This view places greater emphasis on the role of stochastic events such as 
plant dispersal and disturbance events than ecological controls such as resource competition 
and biotic interactions in the structuring of riverine submerged macrophyte communities. 
7.5 The Role of Flow and Disturbance Events 
If, as suggested, macrophytes are able to modify the sediment to the extent that initial sediment 
nutrient concentrations are not a significant controlling factor then it follows that factors other 
than sediment nutrient status will be important in determining macrophyte distribution, The RDA 
of the macrophyte communities of the 17 sites in Chapter Five, supports this conclusion. A 
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number of authors have found that other environmental factors, such as flow velocity, 
catchment land-use, water hardness and conductivity, and shade, may be more important than 
sediment fertility (Anderson and Kalff, 1986) and water trophic status (Grasmack et aL, 1995; 
Spink et aL, 1997; Demars and Harper, 1998). The role of flow and disturbance is likely to be of 
significance in many riverine macrophyte communities and plants are likely to be better 
correlated with flow type or depth than with any or all water nutrients (Haslam, 1978). 
Macrophyte ecology has largely ignored the role of temporal events such as spates and 
droughts in structuring riverine communities, although a number of studies have considered 
that the role of flow, whether large-scale (reach-wide discharge and annual spates) (Barrat- 
Segretain and Amoros, 1996) or small-scale (instream variability) (Chambers et aL, 1991), may 
have an important role in determining community structure. By comparison, the effects of short- 
term changes in flow characteristics have long been a feature in studies of stream invertebrate 
ecology. Assuming flow to be a major determining factor, and that sediment fertility is not the 
primary control in most situations due to the ability of macrophytes to alter the sediment both at 
the surface and at depth, the most important function of roots in many submerged species may 
be as anchorage. This view is in agreement with the observation that many species of fast- 
flowing habitats, (for example, Batrachian Ranunculus species) have shallow roots which curl 
around large sediment particles but do not penetrate deeply into the sediment to obtain 
nutrients. Evidence that both macrophyte roots and shoots are able to obtain nutrients (Agami 
and Waisel, 1986), and that phosphorus translocation in two Elodea species was greater from 
shoot to root than from root to shoot (Eugelink, 1998), suggests that nutrient acquisition by 
roots may be a secondary function in some species and situations. Therefore, the importance 
of sediment nutrients to macrophytes will be dependent upon both species or morphological 
type and the environment both in terms of trophic status and flow. This is in agreement with 
Denny's (1980) concept of a continuum of species with increasing dependence on sediment 
nutrients. Other factors such as shade, competition (both with other macrophytes and epiphytic 
algae), herbivory, water pollution (other than eutrophication) and management are likely be 
important on an individual site basis. 
7.6 Results Summary 
The conclusions of the research and suggestions for future research, based on the above 
discussion, are presented in the final chapter, (Chapter Eight). Here, the major findings of the 
work, as presented in Chapters Four, Five and Six, are summarised. 
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" All 17 rivers had broadly similar water chemistry and may be considered mesotrophic to 
eutrophic. 
" Sediments varied considerably both within and between the 17 sites. The rivers were most 
distinct in terms of sediment phosphorus concentrations whereas sediment organic carbon 
and total nitrogen contents were fairly similar for all rivers with the exception of a number of 
particularly organic-rich sediments. 
" Total phosphorus concentrations in the rivers were of a similar order of magnitude to levels 
quoted in the literature for a variety of freshwater (and marine) sediments, although the 
river sediments tended to have lower concentrations reflecting the more depositional 
nature of standing waters. 
" The silt-clay content of sediments was generally between 10% and 40% of the fraction less 
than 2mm. 
" Despite the high degree of sediment heterogeneity within reaches, between-river variability 
was significantly greater than within-river variability in terms of all six sediment parameters 
"A number of sediment parameters were correlated with one another, including total and 
inorganic phosphorus; and total nitrogen, organic carbon and organic matter. However, 
there were no clear relationships between nutrient concentrations and the silt-clay contents 
of sediments. 
On the basis of sediment samples collected during this study, the loss on ignition method 
for estimating organic carbon is not recommended for sediments from running waters. 
Investigations of the relationships between sediment parameters and water chemistry, flow 
regime, channel geometry and channel shading, indicated that most differences in 
sediments could be explained by catchment geology, as determined by the BFI value, 
Relationships between mean sediment variables and mean water chemistry parameters 
were complex, and suggested that factors other than nutrient concentrations in water and 
sediment may be of importance in governing the equilibrium of sediment-water 
concentrations. 
Species showed broad tolerances to all sediment variables. Some species appeared to be 
associated with high sediment phosphorus concentrations, but this may be an effect of the 
stream type in which they were sampled. The percentage of fines in sediments on which 
species occurred did seem to differ, but the intrinsic link between sediment size and fertility 
makes interpretation difficult. 
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It is hypothesised that, the influence of macrophytes upon the sediments through 
enhancing the accumulation of fine material has a significant effect upon stream ecology 
and may further complicate attempts to determine macrophyte preferences for sediment 
types. 
Sediment variables did not appear important in determining the species communities of the 
17 rivers. Of the variables supplied in canonical ordination, BFI, sediment concentrations of 
total nitrogen and the percent of the channel shaded were those which explained most of 
the variation in species community, again reflecting the importance of geology and reach- 
scale factors. The significance of total nitrogen concentrations in the ordination is believed 
to be a result of the influence of high concentrations in sediments collected in the River 
Waveney. 
" Comparisons of water, sediment and plant nutrient contents upstream and downstream of 
waste water treatment works on two rivers (Itchen and Test) indicated that the point 
sources had a significant impact on water chemistry in both rivers. However, sediment 
chemistry was only distinctly different in the Itchen. Plant tissue concentrations were largely 
unaffected by the waste water discharge in both rivers. 
" Tissue concentrations of Ranunculus plants in the four upstream-downstream sites 
indicated luxury consumption of both nitrogen and phosphorus suggesting nutrient 
limitation was unlikely, and that therefore nutrient input from effluent was unlikely to change 
macrophyte ecology in an already enriched system. 
" The literature supports the hypothesis that macrophytes can absorb nutrients via both roots 
and shoots, and also transfer then between these components. There appears to be a 
continuum of dependence on root versus shoot uptake, with evidence that the anchoring 
function of roots may be more importance than their capacity for nutrient uptake in some of 
the species studied here. 
" Given this continuum of species and interspecific differences in macrophyte response to 
sediment, it is important that observations of particular species are not extrapolated to 
submerged macrophytes in general. 
" Attribute groups and community structure may be better than taxonomy as a basis for 
studying macrophyte response to sediment structure and fertility, 
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Chapter Eight 
CONCLUSIONS 
8.0 Introduction 
This final chapter summarises the major findings of this research and places them in a 
wider context with a discussion of future research needs and management implications. 
First, the main conclusions of this research are outlined; this is followed by a review of 
remaining research questions. The research has also highlighted the need for 
methodological advances in the field of sediment-macrophyte research, these are 
considered within this chapter. Finally, the potential of macrophytes for the monitoring and 
assessment of eutrophication in rivers is reviewed with reference to this research. The 
importance of understanding sediment-macrophyte relationships for river management 
and restoration purposes is briefly considered. 
8.1 Key Findings 
The specific objectives of this research were: to consider the range of nutrient 
concentrations in sediments of lowland rivers; to investigate spatial variability of sediment 
characteristics; to identify sediment types associated with particular macrophyte species; 
to consider the influence of other environmental factors on these sediment-macrophyte 
relationships; and to investigate the effect of nutrient inputs on sediment characteristics 
and macrophytes (see Section 2.12, p. 103). The information on phosphorus, nitrogen 
and carbon concentrations of river sediments indicates that sediments may be a 
significant sink and/or source for nutrients. Additionally, the data collected in 17 lowland 
rivers in England have indicated that sediment heterogeneity of vegetated and 
unvegetated areas within 100m reaches is very high. However, despite this high reach. 
scale variability, differences between rivers have been shown to be significant. It is 
proposed that both catchment-scale factors (geology, landuse, flow regime) and small- 
scale processes operating within plant stands are important, and that these large-scale 
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factors and processes within plant stands confound patterns between sediments, water 
and macrophytes at the reach scale. 
During this research, an apparently wide range of sediment total phosphorus 
concentrations was recorded both within and between rivers. However, there was no 
obvious species preference for a particular sediment phosphorus level. Other 
characteristics of the sediment such as organic content (carbon and organic material) and 
total nitrogen were found to be similar within many plant stands of different species and 
river reaches. The wide range of sediment characteristics found beneath particular 
macrophyte species suggests that many species have broad tolerances to sediment 
conditions. Furthermore, it was not possible to distinguish sediment types favoured by 
groups of species with similar morphology and attributes. Field observation and the 
analysis of sediments from within vegetated and unvegetated areas of 17 rivers indicated 
that macrophyte stands may retain considerable quantities of nutrient-rich fine particles. 
However, differences between vegetated and unvegetated sediments were not 
statistically significant. To directly compare vegetated and unvegetated sediments would 
require a different sampling strategy designed specifically for this purpose. Waste water 
treatment works on the Itchen and Test were found to increase water concentrations of 
nutrients but the effect upon sediment chemistry and plant tissue nutrient concentrations 
was less marked suggesting complex interactions and equilibrium mechanisms between 
the three nutrient storage components. 
8.2 Remaining Issues and Future Research Directions 
The literature review (Chapter Two) has highlighted the limited understanding of the role 
and importance of sediment nutrients in both aquatic macrophyte ecology and ecosystem 
functioning as a whole. Furthermore the findings of this research have identified additional 
questions which must be addressed if macrophytes are to be used for the biological 
assessment of trophic status in rivers. In particular, there is clearly a need for research 
which aims to explain the processes occurring within macrophyte-dominated lowland 
streams. These questions are concerned with running-water nutrient dynamics in general 
and more specifically with the interaction between macrophytes and the sediments they 
are rooted within. The answers to these questions are central to understanding the role 
and importance of sediments to the overall ecology of running-water systems, and in 
particular, macrophyte4ominated streams, and to their informed management. This 
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section considers these remaining issues and where appropriate, suggestions for further 
work are made. 
8.2.1 The Role of Sediments in Nutrient Dynamics of Running-Waters 
The information on sediment nutrient concentrations and sediment variability within 
macrophyte-dominated streams described within this thesis indicates that sediments may 
be a significant sink and/or source for nutrients and an important component of nutrient 
spirals. To understand and manage nutrient-related problems in running-water systems, it 
is vital that there is a detailed understanding of the factors and mechanisms involved in 
the transport of nutrients to watercourses, the changes in chemical and physical form of 
nutrient compounds that may occur within the watercourse, and the transport of nutrients 
through the running-water system. Previous research in standing water systems has 
indicated that sediments are a key component of the nutrient cycle. It is necessary to 
determine the extent to which nutrient dynamics of standing and running-waters differ and 
to consider the temporal and spatial variability of nutrient-related processes. 
Geornorphological and hydrological processes that influence nutrient and fine sediment 
retention and transport are likely to be of particular importance in running-waters. 
Further advances, in both the understanding of sediment-macrophyte relationships and 
stream ecosystem functioning in general, will depend upon future work on the abiotic 
processes of the sediment-water system. Some work has been undertaken in the study of 
phosphorus dynamics in streams from a physical and chemical perspective, for example, 
the study of phosphorus dynamics in the Rver Wey, England, by House and Denison 
(1998). However, it is evident that more research is required to determine the importance 
of the physical and chemical conditions of the sediment (for example, redox, pH, mineral 
composition and temperature) in determining sediment nutrient availability and the 
potential for nutrient release or retention. The influence of macrophyte-related processes 
upon these conditions must also be ascertained, possibly through process-based 
comparisons of vegetated and unvegetated sediments. The role of habitat heterogeneity 
in nutrient and sediment storage must also be investigated. To effectively manage 
nutrient-related problems in rivers and streams, the question of whether there is a state of 
dynamic equilibrium between sediment and water nutrient concentrations in rivers must 
be resolved, and the mechanisms controlling this equilibrium must be fully identified. 
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8.2.2 The Effect of Nutrient Enrichment in Macrophyte-Dominated Streams 
Despite receiving high nutrient loads from waste water treatment works and agricultural 
runoff, the symptoms of eutrophication are less evident in rivers and streams than in 
standing waters due to the open nature of running-water systems. Evaluation of the MTR 
indicates that the macrophyte community does show a response to increasing 
concentrations of phosphate and nitrate in river waters sampled in the UK (Dawson et at, 
1999b). However, it is clear that the response is mediated by the action of other factors 
whose influence remains unquantified. The data collected during this research indicate 
that the sediments of lowland rivers have a large capacity for the storage of nutrients. It is 
unclear whether these sediment concentrations of phosphorus and nitrogen have any 
affect on the ecology of the stream reach. Evidence from the study of nutrient cycling in 
lakes suggests that these sediment-associated nutrients may be released to the water 
column under certain conditions (through the action of chemical, physical or biological 
processes) and therefore have the potential to cause eutrophication problems. Root 
uptake by macrophytes and the release of nutrients from senescent shoots may amplify 
these problems. 
Therefore, there is a fundamental need to identify further the effects of elevated nutrient 
concentrations in flowing waters. Understanding the effects Of nutrient enrichment is 
needed to ensure the efficacy of biological assessment tools such as the MTR and to 
identify means of controlling these effects. Eutrophication research and management has, 
in the past, concentrated on closed systems. Attempts to reduce nutrient loadings to 
flowing waters have not been widely implemented, as the openness of lotic systems and 
the influence of physical factors confound the relationship between nutrients, chlorophyll 
and the knock-on effects for higher trophic levels (Miltner and Rankin, 1998). In the upper 
and middle reaches of many streams, it is likely that physical controls (flow, depth, 
shading) are very important in determining nutrient fluxes and community structure. These 
physical controls will, to some degree, mediate increases in nutrients. Evidence from lake 
studies has demonstrated that there is undoubtedly a relationship between phosphorus 
concentrations and ecological response though this relationship is not linear (Harper, 
1996). The presence of flow in rivers and the greater degree of hydrological connectivity 
with terrestrial systems when compared with lake systems suggests that this relationship 
may be even more complex in flowing water systems. 
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8.2.3 Sediments and Macrophyte Community Structure 
The sediment conditions favoured by particular macrophyte species has been the key 
question addressed within this thesis. The research has indicated that species are 
tolerant of a wide range of sediment types and nutrient concentrations and has 
considered the relationships in terms of spatial variability (see Section 8.1). Future work 
must now develop this further and investigate sediment-macrophyte relationships in a 
temporal dimension. It is important to determine whether macrophytes are restricted to 
particular types of sediment, and whether there is a spatial or temporal partitioning of the 
sediment habitat in macrophyte-dominated streams. 
The data of this research reveal no obvious preference for sediment fertility by either 
macrophyte species or groups. Direct relationships between macrophyte species and 
sediment characteristics may not be apparent for a number of reasons, including: the 
morphological similarity of many species (leading to similar responses to sediment); the 
influence of the plants themselves upon sediment and flow processes; the over-riding 
influence of other physical factors; or because the macrophyte community responds to 
time- and space-integ rated nutrient regimes not adequately described by the data 
collected during this research. These reasons have been considered in depth in Chapter 
Seven. Equally, there are problems with attempting to apply knowledge of sediment 
processes gained from studies of standing waters to running-water environments, as 
outlined earlier. For example, the data presented within this thesis suggest that there is a 
degree of interaction between the physical structure and constituency (organic and 
mineral content) of the sediments and nutrient content. The larger range of particle size 
characteristics of river sediments compared with sediments of standing waters suggests 
these interactions are likely to be more complex in rivers. 
The data collected during this and other studies (cf. Mainstone et at, 1993), indicate that 
direct limitation or toxicity of nutrients is unlikely in the macrophyte communities of 
lowland, Brifish streams. Thus, any effect on species composition would have to be the 
result of competition for nutrients, of which there is currently little evidence (McCreary, 
1991). There is, therefore, a need for further competition studies such as that of Spink et 
at (1993), where species coexistence under increasing nutrient levels was investigated. 
These competition experiments should consider nutrients in the sediments and the water 
column and seek to control the influence of other factors. Another important research 
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need is to consider the potential influence of epiphytes upon the relation of nutrients, 
particularly sediment nutrients, and macrophytes. Laboratory and field experiments could 
determine whether macrophytes and associated epiphytes compete for water column 
nutrients and, more importantly, whether any such competition leads to a compensatory 
shift to sediment-based nutrient resources for macrophytes. 
8.2.4 The Relative Importance of Water Column and Sediment Nutrients to 
Submerged Rooted Macrophytes 
The role and importance of sediment nutrient concentrations to rooted macrophytes is 
likely to be closely related to and mediated by the availability of nutrients within the water 
column. Understanding the response of macrophytes to elevated nutrient concentrations 
within running-waters requires information on the source of nutrients for macrophytes and 
on the equilibrium between sediments and water column nutrients (see Section 8.2.1). 
Knowledge of the relative contribution of water and sediment nutrients to macrophyte 
nutrition is required to ascertain the influence of sediments, and in particular sediment 
nutrients, on macrophyte community structure and composition as discussed above. An 
extensive review of the literature regarding the source of nutrients for submerged 
macrophytes (Chapter Two) indicated that the sediment is likely to be the major source of 
phosphorus and nitrogen for most species (cf. Barko et al., 1991). However, the relative 
contribution of sediment and water column nutrients to plant uptake will vary with species 
morphology (Denny, 1980) and environmental conditions (sensu Carignan and Kalff, 
1980). 
The absence of clear preferences for particular sediment types and sediment nutrient 
levels in many of the macrophyte species studied in this thesis highlights the need to 
resolve both the source of macronutrients for submerged, rooted macrophytes and the 
role of sediments in buffering or exacerbating increased nutrient conditions. Thus, an 
important step in understanding the interaction between sediment nutrients and 
macrophytes, and developing macrophyte-based biological assessment methods, is to 
undertake physiological experiments using labelled nutrients and, as Golterman (1995) 
concluded, to direct studies towards relationships between nutrient input and plant 
growth. Many experiments of this type have been undertaken both in laboratories (for 
example, Bole and Allan, 1978) and in lake enclosures (for example, Carignan and Kalff, 
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1980). However, these approaches have focused on easily-cultivated species (which tend 
to be fast-growing species of standing waters) and have ignored the potential effect of 
flow, which may increase the propensity for shoot uptake due to a reduced leaf boundary 
layer and a reduced likelihood of localised nutrient depletion due to continuous water 
replacement. The effect of flow on nutrient acquisition, and macrophyte growth in general, 
remains largely uninvestigated. 
It is also important to determine the fractions of nutrients within the sediment which are 
significant, including the role of soluble nutrients within the sediment interstitial water. 
Bioavailability of sediment phosphorus fractions has been investigated with respect to 
phytoplankton (Golterman, 1976; Williams et al., 1980; Dorich et aL, 1985) but there are 
no studies which specifically relate sediment fractions of phosphorus or nitrogen to 
macrophyte growth. Attention should also be given to the relative importance of 
phosphorus and nitrogen, particularly in situations where nitrogen may be limiting. The 
role of potassium ions within the sediments should also be considered, particularly as 
there is evidence that potassium concentrations may affect nitrogen uptake (sensu Barko 
and Smart, 1981). Any attempt to conduct research of this type would need to accompany 
developments in analytical sequential fractionation techniques for sediment nutrients (see 
Section 8.3). Controlled laboratory experiments would be the most appropriate means of 
collecting the necessary data, although subsequent field experiments and observations 
would be required to validate any findings. 
8.2.5 Macrophyte Growth and Ecosystem Functioning in Lowland Streams 
The study of sediments described within this thesis provides some indirect evidence that 
macrophytes may play a key role in controlling many important ecosystem processes 
within temperate, shallow, lowland streams (cf. Sand-Jensen, 1997). Conditions within 
these systems favour abundant macrophyte growth which, in turn, influences flow 
velocities, sediment accumulation and transport, and nutrient dynamics. It is clear, from 
the quantities of organic material in vegetated sediments and the high concentrations of 
nutrients in many sediments collected during this research, that the retention of nutrient- 
rich fine material within the rhizosphere of many macrophyte stands may exert 
considerable influence on the nutrient dynamics of the reaches studied, and may increase 
the retention of nutrients within a reach. 
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The interrelationship between macrophytes, sediments and flow requires further 
investigation. Understanding this complex relationship is important not only for sediment- 
macrophyte studies but also as a key element of sediment and nutrient fluxes in 
macrophyte-dominated streams. Feedback mechanisms, by which macrophytes alter the 
sediment composition and water velocity within and around stands, warrant further 
attention. The ecosystem implications of these macrophyte-influenced physical and 
chemical changes to the sediments would become evident if research were able to 
determine the nature and quantities of sediment material accumulated. Estimates of both 
sediment accumulation and depletion, through scour around plant stands, and fluxes of 
nutrients to and from the interstitial pool, would enable import-export calculations for 
sediments and nutrients in whole reaches. Additionally, estimates of nutrient uptake and 
release by macrophytes could also be obtained through laboratory studies and in situ 
measurements. Such estimates are an integral part of developing nutrient budgets for 
stream reaches and catchments. 
There is also a need to extend the work undertaken here to a wider range of temporal and 
spatial scales. In Chapter Seven, it was hypothesised that macrophyte biomass could be 
related to sediment nutrient concentrations, although species presence and absence 
could not be attributed to sediment conditions. This view implies that a relationship 
between macrophytes and sediment nutrients over the growing season may be evident. 
Consequently, future research into the role of sediments in macrophyte communities 
should consider seasonal patterns related to nutrient uptake, biomass gain and 
associated sediment trapping by plants. In particular, work on nutrient and sediment 
fluxes in macrophyte-dominated systems must consider the seasonal changes in 
ecosystem structure and functioning as macrophytes have the potential to significantly 
affect flow velocity, sediment processes and nutrient dynamics. This regard to temporal 
aspects of the processes could also encompass hydrological variability and the role of 
spates and periods of low flow on sediment-macrophyte-nutrient processes. 
There is also an obvious need to consider the spatial variability of sediment-macrophyte 
related processes both within catchments and over a wider geographical and trophic 
range. The data collected during this research represent a limited range of stream types, 
and thus the findings cannot be applied universally; an extension of the work into other 
291 
regions and to include other macrophyte species would allow more general conclusions to 
be formulated. 
This discussion of outstanding research needs indicates that there are a number of 
closely-related research areas where further work must be undertaken. As this work falls 
within a number of fields and disciplines (ecology, hydrology, environmental and analytical 
chemistry) collaborative interdisciplinary research must be encouraged. Furthermore, it is 
evident that a number of approaches - field observations and measurements; 
experiments (in Ou and laboratory); modelling (conceptual and numerical) - will be 
required to provide the necessary data. Equally, as much of the existing work on 
macrophytes and nutrients has focused upon lake environments, there is a continuing 
need to question the established knowledge and assumptions, based, as they are, upon 
lentic processes, and to undertake research pertaining to the unique characteristics of 
flowing-water systems. 
8.3 Methodological Considerations 
There are some important implications for the development of methods and techniques 
for sediment-related research in lowland rivers that arise from the results of this research. 
The data collected and problems encountered during this research have indicated that 
future work in the field will require careful consideration to be given to sampling design, 
sample collection and sediment analysis. The spatial variability of sediment 
characteristics has implications for the number of sediment samples required in reach 
surveys. The methods that may be employed for sediment sampling in lowland streams 
are also discussed here. There is also an outstanding need for a review of sediment 
analysis techniques for future research in flowing waters. These suggestions are 
discussed below and methodological requirements are identified. 
An important consideration in the design of river sediment sampling strategies is the 
number of sediment samples that should be collected at each site. This number will be 
determined by the objectives of the study and the method of sampling to be employed, 
However, it will also depend upon the heterogeneity of the sediments within the sites, 
Reaches with homogeneous sediments will be characterised by fewer samples than 
reaches with more sediment variability. The calculations in Chapter Four (Section 4.5, 
Table 4.9) for the number of samples required to samples the 17 river reaches with a 10% 
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sampling error demonstrate that the required sampling effort is dependent both on the site 
in question and the sediment parameter of interest. For example, an investigation of 
sediment concentrations of total phosphorus in the river Avon would require 183 sediment 
samples to give a 10% error, whereas in the Eden only II samples would be needed. In 
contrast, if sediment concentrations of total nitrogen were of interest, 52 samples would 
be required from the Avon and 426 from the Eden. Although the estimates given in 
Chapter Four may serve as a guide for future research into any of the six sediment 
variables in lowland British streams, it is suggested that future sampling strategies are 
tailored to the variability of specific sites, where necessary using data collected from pilot 
studies. 
The wide range of sediment particle sizes encountered during this research, both within 
and outside plant stands, supports the view expressed in Chapter Three that any 
sediment sampling technique utilised for studies of this type will need to adequately 
sample sediments ranging from fine through to coarse. The use of a modified suction 
corer has been observed to meet this need, but further developments should be 
investigated with particular attention to techniques which are able to sample sediments 
from within plant stands causing minimum destruction to the stand. A review of methods 
indicated that freeze-coring, as described in Gordon et aL (1992), may be used to sample 
fine and coarse sediments, but the effect of freezing upon sediment chemistry should be 
further investigated to determine the future applicability of this method. Equally, future 
work should further investigate the potential for in situ measurement of sediment and' 
interstitial water nutrient concentrations, for example using ion-exchange resins. 
Techniques of this kind will allow the estimation of nutrient fluxes between sediments, 
interstitial water and the overlying water column. 
Finally, this research has demonstrated that there is a continuing need for analytical 
techniques for river sediments that are robust and provide ecologically relevant results. 
For example, the relationships between organic matter determined by a loss-on-ignition 
method and organic carbon measurements (Chapter Four) indicate that the loss-on- 
ignition method may not be a good estimate of sediment organic carbon (cf. Sutherland, 
1998). Equally, the complex relationships observed between macrophyte species and 
sediment nutrient concentrations indicate the need for more satisfactory techniques for 
the analysis of sediment nutrients. There is a clear need for simple laboratory techniques 
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for the extraction and determination of phosphorus and nitrogen fractions that can be 
demonstrated to have ecological significance for rooted macrophytes. This need to 
identify bioavailable nutrient fractions was discussed in Section 8.2.4. The methods 
developed for the sequential fractionation of sediment phosphorus fractions (for example, 
Hieltjes and Lijklema, 1980; Golterman, 1996) are an important advance in this respect, 
but were largely developed for lake sediments and a limited range of sediment types. 
River sediments are characteristically coarser than most lake sediments, and thus these 
extraction techniques which deal with very small quantities of sediment only consider the 
finest fraction of river sediments. Improved preparation techniques could overcome this 
problem. In contrast, there have been few attempts to separate nitrogen compounds in 
sediments (except Bonetto et al., 1988), possibly due to the dynamic nature of nitrogen in 
the environment. Assessing the importance of sediment nitrogen to aquatic macrophytes 
will require a greater understanding of nitrogen accumulation and denitrification processes 
within river sediments and the development of nitrogen analysis methods that consider 
the temporal fluctuations in sediment nitrogen fractions. 
8.4 The Potential of Macrophytes in the Biological Assessment of Eutrophication 
Chapter One outlined the attempts that have been made to develop schemes using 
macrophytes to identify and monitor changing nutrient loadings to freshwater systems. 
The findings of the research described in this thesis indicate that it is difficult to include a 
sediment component within schemes such as the MTR because macrophytes are not 
responding in a clear and predictable manner to particular sediment nutrient 
concentrations. The MTR indicates that plants are related to water column phosphate and 
nitrate levels (Dawson et aL, 1999b) but, in common with many similar biological 
assessment methods, the MTR does not consider the processes involved in bringing 
about the observed changes in species composition. Without a clear understanding of the 
processes involved in determining the relationship between macrophytes and nutrient 
status in rivers it is difficult to account for the possible influence of sediment nutrients and 
other biotic and abiotic factors upon the MTR. It is possible that the MTR may be able to 
detect nutrient effects regardless of whether the nutrients are sediment- or water-derived 
(Kelly and Whitton, 1998) but, as the relative contribution of these sources is likely to be 
species-, site- and time-specific, there remains a complicated and largely unexplained 
influence upon the MTR response to nutrient enrichment. 
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The MTR works on community-based bioindication, yet the high degree of sediment 
heterogeneity found between plant stands in the 17 rivers of this research suggests that 
macrophytes may respond to sediment at an individual stand level rather than at the 
community scale. In other words, a habitat supporting a definable macrophyte community 
may encompass many different sediment types, each supporting component species of 
the community. Consequently, it may be difficult to assess the response of MTR scores to 
sediment nutrient concentrations. 
Furthermore, the importance of disturbance, through spates and drought, and stress, for 
example, though the effect of flow, in structuring riverine macrophyte communities may be 
significant particularly as there is limited evidence of competitive interactions in 
macrophyte communities (cf. McCreary, 1991). The influence of physical factors such as 
hydrology and reach geomorphology must, therefore, be incorporated into biological 
assessment schemes like the MTR. A greater understanding of the processes behind 
macrophyte and sediment relationships, as advocated above in Section 8.2 will aid the 
interpretation of the MTR, particularly in situations where the MTR - phosphate/nitrate 
relationship deviates from the general pattern. 
The future success of biological assessment schemes using macrophytes relies on the 
inclusion of the other factors controlling macrophyte distribution in addition to trophic 
status. This concept is central to the Environment Agency "PLANTPACS" project which is 
currently under consideration, and aims to develop the MTR into a monitoring tool with 
applications beyond the UWWTD. This approach is consistent with a trend to develop 
biological assessment methods that consider the "biological integrity" of streams rather 
than simply monitor water quality (see for example, Miltner and Rankin, 1998; Chessman 
et aL, 1999). The concept of biological integrity recognises that water quality is controlled 
by and interacts with biotic (competition, trophic interactions) and abiotic (flow regimes, 
energy inputs, habitat structure) factors (see Karr, 1991) and that the sum of these factors 
will determine the state of the ecosystem. 
8.5 Implications for River Management and Restoration 
The sediment habitat, and its associated processes, are evidently a key component of 
biological integrity and should be considered not only in the development of biological 
assessment methods but also in any anthropogenic activities that may affect stream 
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ecosystems. In particular, management practices which may alter sediment composition 
may influence the survival of macrophyte species, although the evidence of this research 
suggests may species are tolerant of a wide range of sediment nutrient concentrations 
and particle-size, once the plants are established, Equally, management that involves 
removal or cutting of macrophytes is likely to have sediment effects and this could have 
knock-on effects on nutrient dynamics. For example, macrophyte removal could lead to 
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the temporary suspension of large quantities of fine nutrient-rich material accumulated 
within plant stands and the subsequent in-filling of gravels. 
The seemingly wide tolerances of macrophyte species to sediment conditions, and the 
ability of macrophytes to alter the sediment habitat through feedback mechanisms, 
vindicates the view that in river restoration projects plants are likely to re-colonise reaches 
naturally (RSPB et aL, 1994), almost regardless of sediment type, and a species-rich 
community will develop with time provided there is an upstream source of seeds and 
vegetative shoots and the biological integrity is intact. Thus, the development of a 
Onatural" macrophyte community following restoration is most likely to be successfully 
achieved through the design of a geornorphologically "natural" channel. If hydrology and 
sediment are in a state of dynamic equilibrium then the resulting bed stability will enable 
plants to root and subsequently to modify the immediate environment through the 
reduction of flow velocities and the trapping of fine sediments. A channel with a high 
degree of habitat and sediment heterogeneity should provide a wide enough range of 
microhabitats for the establishment of a diversity of macrophyte species. 
Whilst it is evident that sediments are a key component of stream macrophyte 
communities and stream ecosystems in general, the interaction between sediments and 
other factors is complex and warrants further investigation. The research described within 
this thesis has highlighted the high degree of spatial variability in sediment characteristics, 
indicated relationships between different sediment parameters and stressed the 
importance of plant-mediated processes upon the sediment environment. Clearly, a 
greater understanding and appreciation of sediment-related processes in streams and 
rivers is vital to successful river and catchment management strategies. An important 
future challenge in macrophyte ecology is to integrate research being undertaken in a 
number of allied fields to develop a holistic understanding of macrophyte community 
'dynamics and the role of macrophytes within fluvial systems. 
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Appendix A List of plant species mentioned in this thesis including species authorities. 
Nomenclature follows Stace (1997) for vascular plants and Watson (1981) for bryophytes, 
except where species not native to the British Isles are quoted from the literature in which 
case the nomenclature follows that used in the original source. 
ALGAE 
Cladophora agg. 
Enteromorpha sp. 
Scenedesmus spp. 
Selanastrum sp. 
Ulva spp. 
Vaucheria spp. 
Chara sp. 
BRYOPHYTES 
Amblystegium fiparium (Hedw. ) Br. Eur. 
Fontinalis antipyretica Hedw. 
Pellia endiviifolia (Dicks. ) Dum 
PTERIDOPHYTES 
Isoetes lacustris L. 
ANGIOSPERMS 
Dicotyledons 
Apium nodiflorum (L. ) Lag 
Berula erecta (Huds. ) Coville 
Calfitriche cophocarpa Sendtn. 
Callitfiche intermedia - earlier name for Callitriche brutia Pentagna or Callitfiche hamulata 
KOtz. ex. W. D. J. Koch 
Callitfiche obtusangula Le Gall 
Callitfiche platycarpa KGtz. 
Calfitfiche stagnalis Scop. 
Ceratophyllum demersum L. 
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Eichomia crassipes Mart. Solms. 
Epilobjum hirsutum L. 
Eupatorium cannabinum L. 
Hippuris vulgaris L. 
Lifforella uniflora (L. ) Asch. 
Lobeffa dortmanna L. 
Lycopus europaeus L. 
Mentha aquatica, L. 
Myosotis scorpioides L. 
Myosoton aquaticum (L. ) Moench 
Myriophyllum exalbescens Fernald 
Myriophyllum spicatum L. 
Myriophyllum triphyllum Orchard 
Nuphar lutea (L. ) Sm. 
Nymphaea alba L. 
Oenanthe crocata L. 
Oenanthe fluviatifis (Bab. ) Coleman 
Polygonum amphibium L. 
Ranunculus aquatilis L. 
Ranunculus circinatus Sibth. 
Ranunculus fluitans Lam. 
Ranunculus peltatus Schrank 
Ranunculus penicillatus subsp. pseudofluitans (Syme) S. D. Webster 
Ranunculus penicillatus subsp. pseudofluitans var. vertumnus C. D. K. Cook 
Ranunculus penicillatus var. calcareus (R. W. Butcher) C. D. K. Cook - earlier name of 
Ranunculus penicillatus subsp. pseudofluitans 
Rorippa amphibia L. 
Rorippa nasturtium-aquaticum (L. ) Hayek 
Scrophularla auriculata L. 
Solanum dulcamara L. 
Veronica anagallis-aquatica L. 
Veronica beccabunga L. 
Veronica catenata Pennell 
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Monocotyledons 
Afisma plantago-aquatica L. 
Alopecurus geniculatus L. 
Butomus umbellatus L. 
Carex acutiformis Ehrh. 
Carex riparia Curtis 
Egeria densa Planch. 
Elodea canadensis Michx- 
Elodea ernstiae - earlier name for Elodea callitrichoides (Rich. ) Casp. 
Elodea nuffaffli (Planch. ) H. St. John 
Eriocaulon aquaticum (Hill) Druce 
Glyceria maxima (Hartm. ) Holmb. 
Groenlandia densa (L. ) Fourr. 
Hydrilla verticillata (L. f. ) Royle 
Juncus bulbosus L. 
Lagarosiphon major (Ridl. ) Moss 
Lemna minor L. 
Lemna minuta Kunth 
Phalaris arundinacea L. 
Phragmites australis (Cav. ) Trin. ex. Steud. 
Potamogeton x bunyonyiensis (see Denny, 1972) 
Potamogeton crispus L. 
Potamogeton lucens L. 
Potamogeton natans L. 
Potamogeton nodosus Poir. 
Potamogeton pectinatus L. 
Potamogeton perfoliatus L. 
Potamogeton praelongus Wulfen 
Potamogeton robbinsii Oakes 
Potamogeton schweinfurthfiA. Benn. 
Potamogeton thunbergii Cham. & Schlecht. 
Sagittaria sagiffifolia L. 
Schoenoplectus lacustris (L. ) Palla 
Sparganium emersum Rehmann 
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Sparganium erectum L. 
Sparganium simplex - earlier name of Sparganium emersum Rehmann 
Valfisneria aethiopica Fenzi. (see Denny, 1972) 
Valfisnefia americana Mich. 
Zannichellia palustris L. 
Zostera marina L. 
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Appendix B Copy of recording sheet used in data collection 
SITE RECORD SHEET: 
Site Details: 
River: 
Site NGR Top. - 
Site NGR Bottom: 
Site Name: 
MTR Site No: 
Date: 
MaplArchive Based: 
Solid Geology 
D(ift Geology 
Altitude Um 
Distance from source (km) 
Flow 
Site Description (details of habitat heterogeneity and macrophyte habitat): 
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Physical Parameters: 
[ figures given as percentage cover] 
Width 
Depth 
<lm 
<0.25m 
Substrate 
Bedrock 
P/Gravel 
Clay 
Substrate Stability 
Solid 
Habitat 
Shadin 
Pool 
g 
Left 
Right 
1-5m 
0.25-0.5m 
Boulders 
Gravel 
Peat 
Stable 
Run 
Unshaded 
Riffle 
Broken Shade 
>20m 
>lm 
Pebbles 
SilYClay 
Unstable 
Slack 
Dense Shade 
Woodland Scrub Pasture ra e Urban 
Floodplain 
Upstream 
5-1 Om 
B/Cobbles 
Sand 
Not visible 
10-20m 
0.5-1 
Cobbles 
SilYMud 
Soft 
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Water Chemistry: 
pH 
Orthpphpo ýhate 
Ammonia 
Nitrate 
Niffite 
Sediment Sampling: 
Species Stand 
1) 11) 
2) 12) 
3) 13) 
4) 14) 
5) 15) 
6) 16) 
7) 17) 
8) 18) 
9) 19) 
10) ? 0) 
Photograph Information 
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MACROPHYTE CHECKLIS 
_'____ 
, AJaae 
1'ý79olýjonurn amphibiui; 
T 
fPýrýgmites australis 
Batrachospermurn sp(P) Potentilla palustris Potamogeton alpinus 
Hildenbrandia rivularis Ranunculus aquatilis Potamogeton berchtoldii 
Lemanea fluviatilis Ranunculus calcareus Potamogeton crispus 
Vaucheria sp(p) Ranunculus circinatus Potamogeton friessu 
Stigeocloniurn sp(p) Ranunculus flammula Potamogeton gramineus 
Cladophora sp(p) Ranunculus fluitans Potamogeton lucens 
Other filamentous greens Ranunculus hederaceus Potamogeton natans 
-, 7ý, Charaphytes- Ranunculus omiophyflus Potamogeton pectinatus 
Chara sp(p) Ranunculus peltatus Potamogeton perfoliatus 
Nitella sp(p) I Ranunculus 
ýenicillatus Potamogeton polygonifolius 
Uvelworts Ranunculus trichophyllus Potamogeton praelongus 
Chiloscyphus p2lyanthos Ranunculus sceleratus Potamogeton pusillus 
Marsupella emarginata Ranunculus indet Potamogeton indet. 
Nardia compressa Rorippa amphibii Potamogeton other sp(p) 
Pellia endiviifolia Rumex hydrolapathum Sagittaria sagittifolia 
Pellia epiphylla Solanurn dulcamara Scirpus fluitans 
Scapania undulata eronica anagalis-aquatica S. lacustris/tabernaemon 
Solenostoma sp(p) inga Scirpus maritimus 
Foliose Liverworts indet- - [Veronica catenata Sparg nium angustifolium 
Thalloid Liverworts indet. ý-- Monocotyledow'-, N. Sparganiurn emersurn 
ý, ý Vascular cryWgams,, a Acorus calamus 
Sparganiurn erecturn 
Azolla filiculoides Agrostis stolonifera Spirodela polyrrhiza 
Equiseturn fluviatile Alisma lanceolaturn Typha latifolia 
Equiseturn palustre Alisma plantago-aquatica Zannichllia palustris 
Dicotyledow, l Alopecurus geniculatus F7 
Apiurn inundaturn Butomus umbellatus 
Apiurn nodiflorurn Carex acuta 
Berula erecta Carex acutiformis 
Callitriche hamulata Carex aquatilis 
Callitriche heýý Carex elata 
Callitriche obtusangula Carex paniculata 
Callitriche platycarpa Garex npana 
Callitriche stagnalis Carex rostrata 
Calldriche indet. Carex vesicaria 
Caltha palustris Carex indet. 
Ceratophyllurn demersurn darex other sp(p) 
Epilobiurn hirsuturn Catabrosa aquatica 
Hippuris vulga is Eleocharis sp(p) 
Littorella uniflora Elodea canadensis 
Mentha aquatica Elodea nuttallii 
Menyanthes trifollata Glyceria maxima 
Montia fontana Glyceria ther sp(p) 
Myosotis sp(p) Groenlandia densa 
Myosoton aquaticurn Iris pseudacorus 
Myriophyllurn alterniflorurn Juncus acutiflorus 
Myriophyllurn spicaturn Juncus articulatus 
Nasturtium officinale agg. uncus bulbosus 
Nuphar lutea Juncus effusus 
Nymphaea alba Juncusinflexus 
Oenanthe crocata Juncus sp(p) 
l0enanthe fluviatilis Phalaris arundinacea 
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Appendix C Composition of attribute groups from non-hierarchical classification of Willby 
et aL (2000) as used in discriminant analysis (Chapter Five, Section 5.3.6) 
I Alisma gramineum 
Alisma lanceolatum 
Alisma plantago-aquatica 
Damasonium alisma 
Sparganium angustifolium 
Sparganium emersum 
Sparganium glomeratum 
Sparganium gramineum 
Sparganium hyperboreum 
Sparganium natans 
2 Baldellia ranunculdides 
Eleogiton fluitans 
Glycetia fluitans 
Hippuris vulgatis 
Luronium natans 
3 Butomus umbellatus 
Nuphar lutea 
Nupharpumila 
Nymphaea alba 
Nymphaea candida 
SagiUaiia sagittifolia 
Schoenoplectus lacustris 
Sium latifolium 
Sparganium erectum 
4 Potamogeton alpinus 
Potamogeton coloratus 
Potamogeton gramineus 
Potamogeton natans 
Potamogeton nodosus 
Potamogeton polygonifolius 
5 Apium inundatum 
Apium nodiflorum 
Berula erecta 
Oenanthe aquatica 
Oenanthe fluviatilis 
6 Nymphoides peflata 
Persicaria amphibia 
7 Ca he brutia 
Callittiche cophocarpa 
Callitriche hamulata 
Callitriche obtusangula 
Callittiche stagnalislpiatycarpa 
8 Ranunculus aquatilis 
Ranunculus baudofffi 
Ranunculus ololeucos 
Ranunculus peltatus 
Ranunculus trichophyllus 
Ranunculus tripartitus 
9 Elatine alsinastrum 
Elatine hexandra 
Elatine hydropiper 
Elatine triandra 
Lythnim portula 
10 Ludwigia palustris 
Ranunculus hederaceus 
Ranunculus omidphyllus 
11 Hypericum elodes 
Mentha aquatica 
Myosotis scorpidides 
Ranunculus flammula 
Rorippa nasturtium-aquaticum 
Veronica anagailis-aquatica 
Veronica beccabunga 
12 Callitriche hermaphroditica 
Callitriche tnincata 
Naias flexills 
Najas marina 
Najas minor 
Potamogeton acutifollus 
Potamogeton berchtoldii 
Potamogeton compressus 
Potamogeton friesif 
Potamogeton obtusifolius 
Potamogeton pusillus 
Potamogeton rutilus 
Potamogeton tricholdes 
13 Ceratophyllum demersurn 
Ceratophyllum submersurn 
Elodea canadensis 
Elodea nuffallii 
Lagaroslphon major 
Ranunculus cirdnatus 
14 Utricularia australis 
Utricularia intennedia 
Utricularia minor 
Utdcularia vulgaris 
15 Potamogeton crispus 
Potamogeton lucens 
Potamogeton perfollatus 
Potamogeton praelongus 
16 Hoffonia palustfis 
Myriophyllum altemiflorum 
Myriophyllum spicatum 
Myhophyllum verticillatum 
Ranunculus fluitans 
Ranunculus penicillatus 
17 Groenlandia densa 
Potamogeton filiformis 
Potamogeton pectinatus 
Zannichellia palustris 
18 Azolla filiculdides 
Lemna gibba 
Lemna minor 
Lemna minuta 
Lemna trisulca 
Spirodela polyrhiza 
Wolffila arrhiza 
19 Hydrochan's morsus-ranae 
Stratiotes aloldes 
Trapa natans 
20 Eleochatis acicularis 
Enfocaulon aquaticum 
Isoetes echinospora 
Isoetes lacustfis 
Juncus bulbosus 
Lifforella uniflora 
Lobefia dortmanna 
Pilularia globulifers 
Subulatia equatica 
Salvinia natans 
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